AN INTRODUCTION TO THE TECHNOLOGY OF
SUBSURFACE WASTEWATER INJECTION

by
Don L. Warner
University of Missouri--Rolla
Rolla, Missouri 65401
and
Jay H. Lehr

National Water Well Association
Wortiiington, Ohio 43085

Grant No. R-803889

Project Officer

Jack W. Keeley
Ground Water Research Branch

EPA-600/2-77~240

Necemheyr 1077

vvvvvvvvvv [

Robert S. Kerr Environmental Research Laboratory

Ada, Oklahoma 74820

ROBERT &, FERICNVIRONMINTAL RESUARCH L ABORATORY

L Al
OEETEE GF PESTARCH AND DEVELOEND
LS. BERVTRONMENTAL PROTECTION AGERO

T T AR A TR




DISCLAIMER
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FOREWORD

The Environmental Protection Agency was established to coordinate
administration of the major Federal programs designed to protect the
quality of our environment.

An important part of the Agency's effort involves the search for
information about environmental problems, management techniques, and new
technologies through which optimum use of the Nation's land and water
resources can be assured and the threat pollution poses to the welfare
of the American people can be minimized.

EPA's Office of Research and Development conducts this search through
a nationwide network of research facilities.

As one of these facilities, the Robert S. Kerr Environmental Research
Laboratory is responsible for the management of programs to: (a) investi-
gate the nature, transport, fate, and management of pollutants in ground
water; (b) develop and demonstrate methods for treating wastewaters with
soil and other natural systems; (c) develop and demonstrate pollution con-
trol technologies for irrigation return flows; (d) develop and demonstrate
pollution control technologies for animal production wastes; (e) develop
and demonstrate technologies to prevent, control or abate pollution from
the petroleum refining and petrochemical industries; and (f) develop and
demonstrate technologies to manage pollution resulting from combinations
of industrial wastewaters or industrial/municipal wastewaters.

This report contributes to that knowledge which is essential in order

for EPA to establish and enforce pollution control standards which are
reasonable, cost effective, and provide adequate environmental protection

for the American public.
ZQ/[;,ZZZququ C. —’g}

William C. Salegar
Mrector



PREFACE

An Introduction to the Technology of Subsurface Wastewater Injection
has been developed by the National Water Well Association, in conjunction
with the U.S. Environmental Protection Agency for use by all those involved
in the planning, design, construction, operation and abandonment of injection
wells. It is hoped that this text will serve as both a guide to and a stand-
ard for injection well construction and maintenance.

For those concerned with the regulatory aspects of subsurface wastewater
injection, it will provide the minimum criteria necessary to protect under-
ground water from degradation. Industries may use this manual to evaluate
injection as an alternate to other means of waste disposal and it will serve
as a constant reference source for those who design, construct, and operate
these systems. Finally, this manual fulfills that mandate contained in the
Safe Drinking Water Act (P.L. 93-523) requiring that the Administrator of the
Environmental Protection Agency ". . . carry out a study of methods of under-
ground injection which do not result in the degradation of underground drink-
ing water sources."

iv



ABSTRACT

When wastewater is injected into deep wells for disposal, it can pose
a serious environmental threat unless the injection process is carefully
planned and executed from start to finish.

Local geologic and hydrologic conditions must be thoroughly investigated
including such characteristics as structure, stratigraphy, composition and
engineering properties of the underlying formations. The nature of injection
and confining intervals will determine the conditions that the injection
wells must meet, or whether such wells are even feasible. Specific informa-
tion acquired through the use of cores, probes, and other tests, will help to
pinpoint areas of potential difficulty, and should suggest ways to avoid these
problems.

Once an injection site has been selected, the injection interval must
be tested to insure that it is physically, biologically, and chemically com-
patible with the wastewater to be injected. Both the injection interval and
the wastewater must be examined to guarantee that each will remain stable over
an extended period of time. If problems exist, the wastewater can be treated
to make it more compatible with the injection interval. Failure to bring the
wastewater and injection interval into compatibility can Tead to excessive
corrosion, clogging, well and plant damage, and may necessitate well abandon-
ment.

The injection well itself must be carefully designed and constructed to
guarantee the safety and integrity of the injected wastewater as well as of
the surrounding formations, and natural resources. When construction of the
injection well is completed, the well should undergo final testing to estab-
1ish records of baseline conditions for future reference and comparison. At
this time, operating procedures and emergency precautions should be established
and approval should be obtained from the necessary regulatory agencies. Only
then can full-scale wastewater injection begin.

An operating injection well should be monitored throughout its working
1ife for any changes in injection conditions that may lead to system failure.
An injection well operator has the responsibility of knowing what and where
the injected wastewater is and for keeping adequate operating records. When
an injection well system permanently ceases operating, the well must be pro-
perly sealed and a record, describing the method and date of sealing and the
precise location of the well should be filed with the proper authorities.
When the quidelines for injection well operation set forth here are followed
the safety and success of this method of wastewater disposal will be insured.

Tnis report was subritted in fulfillment of frant No. R-B0388Y by the
National eter Uell Association ander the sponsorshin ot the Hobert 5. Ferr
Cnvironmertal Hesearch Laboratory, Ada, Jklahoma, and tre Municipal fnvirvon-
Cprtal fecoarch Laboratory, Cincinnati, Onio. oL 50 fnyironrental Protection
Anency. TR report covers o operind Crom Juiy Sl Dest e July S0 TS
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CHAPTER 1
INTRODUCTION

OBJECTIVES AND SCOPE

An Introduction to the Technology of Subsurface Wastewater Injection
has been prepared to assist engineers, geologists, and others in the tasks of
planning, designing, constructing, operating, and regulating industrial and
municipal wastewater injection well systems. It is apparent to anyone review-
ing the literature that a great deal has been written about this subject in
the past twenty-five and particularly the past ten years. Also, there is an
extensive literature in the related fields of petroleum engineering and
ground water hydrology that can be applied to injection well technology. One
purpose of this publication is, therefore, to provide a summary of selected
information in a form convenient for use by well operators, engineering con-
sultants, and regulatory authorities in performing their respective tasks,
so that injection wells may be used, where desirable, more efficiently and
with a minimal potential for environmental damage.

Impetus for development of An Introduction to the Technology of Sub-
surface Wastewater Injection was provided by passage of Public Law 92-500,
the Federal Water Pollution Control Act Amendments of 1972 and Public Law
93-523, the Safe Drinking Water Act of 1974. Both of these laws contain spe~
cific provisions concerning wastewater injection wells. Public Law 92-500
requires that, in order to qualify for participation in the National Pollu-
tion Discharge Elimination System permitting program, states must have ade-
quate authority to issue permits which control the disposal of pollutants into
wells. Therefore, it is only technically necessary that a state have the
authority to issue or deny permits to qualify. However, to do this it is
necessary to have a programn for permit evaluation. The Safe Orinking iater
Act requires that LPA develop requlations for state underground 1njection con-
trol programs. The objective of the law i< to insure that underqground injec-
tion does not endanger drinking water sources. This guide is a technical
document intended to complement the required EPA regulations.

Included in the technical guide are chapters concerning the units of
measurement used in injection well engineering, the nature of the subsurface
aqeologic and nydrologic environment, the means of acquiring subsurface geolo-
qic and hydrologic data, the criteria used for injection well <site evaluation,
the physical and chemical oroperties of wasteowater, wastewater classitication,

pre-intection wastewater treatment, injection well design and construction,
the procedures proparatory to injection, well opevation and monitoring and
system abandonment.  The flow of these chapters is approxisately in the order

that the material i uted during the plancing, constructing, opereting, and



abandoning an injection system. References used in the text are listed and
appendices included at the end of each individual chapter.

Until the mid-1960's, the subject of the technical guide was described
as deep-well disposal. Some still use this terminology. However, the major-
ity now seem to prefer the terminology subsurface or underground injection of
wastewater or waste liquid. 1In any case, what is being discussed here is the
introduction of liquid industrial and municipal wastes into the subsurface
through drilled deep-wells.

When used in this context, the word deep cannot be given any specific
value, but refers to the depth reguired to reach a porous, permeable, saline-
water-bearing rock stratum that is vertically confined by relatively imper-
meable beds. As will be covered later, the minimum depth of burial, the nec-
essary thickness of confining strata, and the minimum salinity of water in
the injection interval must be determined in each individual case.

Unregulated disposal of municipal and industrial wastes through shallow
wells into strata containing potable ground water has been and still is
practiced (TEMPO, 1973, p. 2-42 to 2-58), in spite of its obvious undesira-
bility. In contrast to this practice, the subject here is the controlled em-
placement of wastewater into the subsurface in such a manner that hazard to
drinking water sources and other resources is minimized. Although much of
the technology described in the engineering guide is applicable to oilfield
brine disposal, oilfield brine injection is excluded from consideration be-
cause of differences in regulation and practice that make it impractical to
treat it simultaneously with other industrial and municipal wastewater in-
jection.

HISTORICAL REVIEW OF INJECTION WELL USE

The following section provides a perspective on the historical develop-
ment and recent status of wastewater injection.

It is not certain where controlled wastewater injection was first prac-
ticed outside of the oilfield, but Harlow, in an article published in 1939
(Harlow, 1939) described problems encountered by Dow Chemical Company in
disposing of waste brines from chemical manufacturing by subsurface injection.
Inventories by various individuals and groups have succeeded in locating no
more than four such wells constructed prior to 1950. A 1963 inventory by
Donaldson (1964) listed only 30 wells. Subsequent inventories published in
1967 (Warner, 1967), 1968 (Ives and Eddy, 1968), 1972 (Warner, 1972), and
1974 (U.S. EPA, 1974) listed 110, 118, 246, and 278 wells respectively. The
most recent inventory (Reeder, et al, 1975) showed that a total of 322 indus-
trial and municipal injection wells had been drilled up to January, 1975, and
209 of those were reportedly operating at that time.

Examination of some of the characteristics of the disposal systems that
have been constructed will assist in developing a view of the nature of in-
jection well practice to date. First, it is of interest to know the geogra-
phic distribution of these wells and their operating status. This informa-
tion is shown in Table 1-1. It is apparent that a large percentage of the



TABLE 1-1. DISTRIBUTION AND OPERATING STATUS OF INJECTION WELLS
IN THE UNITED STATES (REEDER, ET AL., 1975).

AREA TOTAL NO. WELLS 0 NOP NOUP DN PND PC SNA
REGION TI
NEW YORK 4 1 3
REGION III
PENNSYLVANIA 9 0 9
WEST VIRGINIA 7 6 1
REGION IV
ALABAMA 5 2 3
FLORIDA 10 4 1 1 1 3
KENTUCKY 3 2 1
MISSISSIPPI 2 1 1
NORTH CAROLINA 4 1 3
TENNESSEE 4 2 1 1
REGION V
ILLINOIS 8 4 1 1 1 1
INDIANA 13 11 1 1
MICHIGAN 34 21 i 3 5 1
OHIO 10 6 1 3
REGION VI
ARKANSAS 1 1
LOUISTANA 85 52 8 5 19 1
NEW MEXICO 1 ]
OKLAHOMA 15 10 1 4
TEXAS 124 57 12 6 16 8 18 7
REGION VII
[OWA 1 1
KANSAS 30 21 2 7
REGION VIII
COLORADO 2 1 1
WYOMING 1 1
REGION IX
CALIFORNIA 5 4 1
HAWAT I 4 1 2 1
NEVADA 1 1
TOTAL 383 209 3 18 57 A 19 8
KEY:
0 Operating

NOP Not Operating, Pluqged
NOUP  Hot Operating, Unpluqged

DN rilled, Never Used
PR Permitted, Not Drilled
Pe Peyimit Cancelled, Never Drilled

SHA Status Unknown



wells constructed by January, 1975 were located in Texas (91) and Louisiana
(65). Most of the remainder were located in the industrialized north and
east central states (Regions II, III, and V - 73 wells), Kansas (30), and
Oklahoma (15), leaving only 48 wells scattered throughout the remaining
states.

The distribution by industry of the 268 wells for which information was
available in 1973 is shown in Table 1-2. The largest number of wells (131)
had been constructed by the chemical industry, which includes petrochemical
and pharmaceutical plants. Fifty-one wells had been constructed at petroleum
refineries and 17 at natural gas plants. Steel mills were another major user
of injection wells (16). Among the other industries that have constructed
wells are a photo-processing facility, an airline maintenance shop, a paper
mill, a uranium mill, a uranium processing plant, a petroleum service company,
an automobile plant, a laundromat, two food-processing plants, an acid-leach
mining operation, a coal mine, several solution mining operations, and an
electronic components plant. In Oklahoma and Texas, several wells are opera-
ted by contractors that are collecting and injecting a variety of wastes from
contracting industries. The 1973 survey listed 23 wells constructed for in-
jection of municipal wastewater, which may also include industrial wastes
discharged into sanitary sewers.

As will be discussed later in detail, nearly all types of rocks can,
under favorable circumstances, have sufficient porosity and permeability to
accept large quantities of injected wastewater. However, in practice, most
wells have been constructed to inject into sand or sandstone (62 percent) and
limestone or dolomite (33.8 percent). A very few wells have injected into
other types of rocks, including shale, salt and other evaporites, igneous and
metamorphic rocks, and various other combinations (Table 1-3). The ages of
these rocks range from Quaternary to Precambrian (Table 1-3). One hundred
and six (106) wells were completed in strata of Tertiary or Quaternary age,
93 in sand and sandstone and 13 in limestone or evaporite. Only 20 wells
were completed in Mesozoic age strata, primarily sandstone. Palozoic age
strata have received the most use (143 wells). Three groups of rocks stand
out as having received major use for injections: Quaternary and Tertiary
age sands of the Gulf Coast geologic province of Texas, Louisiana, and Ala-
bama; the Cambrian-Ordovician Arbuckle Group (carbonate) in Kansas and Okla-
homa; and the Cambrian Mt. Simon Sandstone and its equivalents in the north-
central states.

Of the injection wells that have been constructed, few are shallower
than 1,000 ft. (Table 1-4). This is principally because injection intervals
are selected so that they are sufficiently deep to provide adequate separa-
tion from potable subsurface water, which usually occurs at shallower depths.
On the other hand, few wells deeper than 6,000 ft. have been constructed be-
cause of cost and because satisfactory intervals have usually been found at
lesser depths.

Using data from the 1973 survey, Warner and Orcutt (1973) estimated
that 60 percent of the wells that had operated up to that time had injected
less than 100 gallons per minute (computed as if the wells were operated con-
tinuously 24 hours per day 365 days per year) and 95 percent were injecting

4



TABLE 1-2. STANDARD INDUSTRIAL CLASSIFICATION OF 268 INJECTION WELLS -
1973 (U.S. ENVIRONMENTAL PROTECTION AGENCY, 1974).

<. (SRR AV i

WELLS PERCENTAGE
MINING (9.3%)
10 METAL MINING 2 7
12 COAL 1 4
13 OIL & GAS EXTRACTION 17 6.4
14 NON-METALLIC MINING 5 1.9
MANUFACTURING (80.6%)
20 FOOD 6 2.2
6  PAPER 3 1.1
28 CHEMICAL & ALLIED PRODUCTS 131 48.9
29 PETROLEUM REFINING 51 19.0
32 STONE & CONCRETE 1 4
33 PRIMARY METALS 16 5.9
34  FABRICATED METALS 3 1.1
35  MACHINERY - EXCEPT ELECTRONICS 1 4
36 ELECTRONICS 1 4
38 PHOTOGRAPHICS 3 1.1
TRANSPORTATION, GAS, AND SANITARY SERVICES (9.8%)
47  TRANSPORTATION SERVICE 1 4
49  SANITARY SERVICE 23 8.6
50  WHOLESALE TRADE - DURABLE 1 4
55  AUTO DEALERS & SERVICE 1 4
OTHER (.4%)

£

72 PERSONAL SERVICE |



TABLE 1-3.

RESERVOIR ROCK TYPE AND AGE OF 269 WELLS

(U.S. ENVIRONMENTAL PROTECTION AGENCY, 1974).

B
SAND & i
(%) SANDSTONE ; CARBONATE |EVAPORITE | SHALE | OTHER
TERTIARY & QUATERNARY 39.4 93 11 2
CRETACEQUS N 19
JURASSIC ‘ 7.4
TRIASSIC ! 1
PERMIAN 12 14 2
PENNSYLVANIAN N 5 2
MISSISSIPPIAN 4 1
DEVONIAN 58.2 10 2] 1
SILURIAN 1 3 4
ORDOVICIAN 2 20
CAMBRIAN 20 19 1
pre-CAMBRIAN .4 1
TOTAL  (269) 167 91 8 2 ]
% 62.1 33.8 3 7 4
N -




TABLE 1-4. WELL COMPLETION DEPTHS OF 259 WELLS (MODIFIED AFTER
U.S. ENVIRONMENTAL PROTECTION AGENCY, 1974).
DEPTH NO. WELLS PERCENTAGE
0 - 1000 20 7.7
1001 - 2000 56 21.6
2001 - 3000 33 12.7
3001 - 4000 34 13.1
4001 - 5000 39 15.1
5001 - 6000 44 17.0
6001 - 7000 18 6.9
7001 - 8000 12 4.6
8001 + 3 1.2



Tess than 400 gallons per minute. Warner and Orcutt (1973) also found that
virtually all wells had injected at Tess than 1,500 psi and that 78 percent
had injected at less than 600 psi.

DIMENSIONS AND UNITS OF MEASUREMENT

In many fields of engineering and science, specialized units of measure-
ment have been developed either for an express purpose or by circumstance
without a purpose.

Such units become familiar to those using them, but can be an irrita-
tion to workers from other fields who may have neither the time nor patience
to adjust to them. This has long been an obstruction to exchange of infor-
mation between workers in petroleum engineering and groundwater hydrology.
Since these are the two fields most closely allied to subsurface wastewater
injection, the Titerature concerning wastewater injection contains a hetero-
geneous mix of terms and units from both, as well as from such other allied
fields as civil and chemical engineering.

Upon examination, it can be ascertained that most of the troublesome
units of measurement are composed of one or more of three primary quantities,
length [L], mass [M] and time [t]. These guantities or dimensions are ex-
pressed, for example, in metric units--centimeters, grams, seconds, or
English units--feet, pounds, seconds, or multiples and subdivisions of these.
Other primary quantities (e.g. temperature -[T]) also exist, but are less
frequently encountered. It would not be too troublesome to convert from the
primary quantities in one system of units to those in another, but, unfor-
tunately, the primary quantities are used in such mixtures and so obscured

n "practical" units that it can be very difficult to work out the conver-
sions. However, if it is understood that only the three primary quantities
of length, mass, and time are involved, then the relationship between prac-
tical units in different systems can be appreciated and transfer can be con-
fidently made from one system to another, when necessary, by using conversion
factors that are given, or by working out the needed factors.

As an elementary example of the above discussion, consider the measure-
ment of flow rates. Flow rates (Q) are commonly in barrels/day in petroleum
engineering and in gallons/minute or ga]1ons/day in groundwater Obviously,
flow rate has the dimensions of volume/time [L /t], but this is well hidden
in the practical units, barrels and gallons. Both barrels and gallons can
be converted to cubic meters or cubic feet, then equated, or one can go di-
rectly from barrels to gallons, if it is known that one barrel equals 42
gallons.

As a more complex example, the conversion from units of hydraulic con-
ductivity to those of intrinsic permeability will be analyzed. Darcy's law,
as it is written for units of hydraulic conductivity is:

_ dh
0= A ar (1-1)



where:

Q = flow rate [L3/t]

A = area through which flow occurs [LZ]
K = hydraulic conductivity

h = hydraulic head [L]

L = length of flow path [L]

by analyzing the dimensions in Equation 1-1, the dimensions of hydraulic
conductivity are found to be:

K] =L/t -1

L2 Lt

Placement of the left hand side of an equation in brackets is a conven-
tional means of stating that the bracketed quantity has the dimensions given
on the right hand side, in this case length divided by time.

Similarly, Darcy's law written for intrinsic permeability is:

= A K eg dh 1-2
Q=AK-=e9 a (1-2)

1

where:

=
3

intrinsic permeability

H

density [M/L3]

acceleration of gravity [L/tz]

e}
H

i

viscosity [M/Lt]
by analysis of the dimensions for the quantities in Equation 1-2

[K] - Lsfﬁ_x oMLt L= f
L2 w3 g2 L

From examination of Equations 1-1 and 1-2, 1t is apparent that:

K o= K. ‘{]_'g)



Using equation 1-3, the conversion from hydraulic conductivity in
cm/sec to intrinsic permeability in cmZ at 200C is:

1 cm/sec x 1.005 x 10-2 gm/cm . sec
0.998 gm/cm3 x 980.7 cm/sec?

K

K = 1.027 X 1075 cm

fl

Conversion from U.S. Geological Survey hydraulic conductivity units in
gallons/day x ft2 or ft/day to oilfield units of intrinsic permeability in
darcys is made in the same way, but is more complicated because the darcy is
defined by an inconsistent mixture of values and at 20°C, whereas the U.S.G.S.
units are defined at 60°F. However, realizing that the conversion is basic-
ally similar to the one shown above, one can accept the conversion values
that have been worked out and are contained in tables such as Table 1-5.

Because it cannot be anticipated what system of units will be provided
in any particular case, most of the equations in the remaining chapters have
been Teft in nonunitized form. That is, the equations include the correct
group of symbols, but no set of units has been chosen, so that any set appro-
priate to the data available can be used. This does, however, require that
the user understand how to accomplish the unitization, as has been explained.
To assist the reader, an appendix of units and conversion factors is given at
the end of this chapter.

As one example of such unitization, the equation for increase of hydrau-
lic head in the vicinity of an injection well, which is introduced in Chap-
ter 4, will be used. The equation is:

ah = 2:30Q 104 2.25 Tt [L] (1-4)
4 7 T rl s

where

Ah

hydraulic head change at radius r and time t [L]

Q = injection rate [L3/t]

T = transmissivity [Lz/t}

S = storage coefficient [dimensioniess]

t = time since injection began [t]

r = distance from well bore to point of interest [L]

Any set of consistent _units can be entered into this equation. For

example, if Q=ft3/t, T= ftz/day, t = days, and r = ft, then Ah will be in
ft. However, if Q = gpm, T = gpd/ft, t = days, and r = ft, then the appro-

priate conversions must be entered to obtain consistent units. In this case,
the conversions are:

10



TABLE 1-5. CONVERSION TABLE FOR HYDRAULIC CONDUCTIVITY UNITS

e | way | e | wm | swr? | o
“cwyae:_‘/}:opo>w___<;£_j.ooo}.]9-5 864.0 3.281 X 1072|2.835 X 103 | 14.72 2.121 X 104
U efsec | 1.000 X 102 | 1.000 8.640 X 10%| 3.281 2.835 X 105 | 1.472 % 103 |2.121 x 10°
| esday 1.157 X 1073} 1.157 X 107%1.000 3.797 X 1075]3.281 1.704 X 10-2|24.54
Trf;j;g;_‘/gp;§§)77’~‘~jr§p.48 X 1072 2.633 X 10%| 1.000 8.640 X 10%|4.488 X 102 |6.464 X 109

f;jggir‘k3:§28M§~j§[ﬁi_§$§g§_X 10-6] 3.048 X 10-1 1.157 X 1072|1.000 5.194 X 1073|7.480
‘ ?FT/fF?;,5;79}pr192311?;2?‘ X 10-4 58.67 2.228 X 1073|1.925 X 102 | 1.000 1.440 X 103
"??ffFEA,5;7J§,5,J9:§j.9;316 X 10-7{4.075 X 10-4 1.547 x 10-6{1.337 x 1071} 6.944 X 10-4]1.000

CONVERSION TABLE FOR TRANSMISSIVITY UNITS

] ;z'”?!,SEC,, ) ‘i _nlzj‘(i_@‘y._&_‘t ft2/min ft2/day gpm/ft gpd/ft darcy - ft/cp
: f?ng;/ﬂi1;Qﬁpim_“kﬁ_1§;§ﬂ X 104 6.459 X 102 | 9.301 X 105 |4.831 X 103 [6.957 X 106 |3.413 X 105
i day ‘,;,151>;_Jp;§;wj4999_ 7.476 % 10-310.76 5.592 X 10-2 80.52 3.950
: ft?}fﬁﬂ“J,SﬁsrXﬁlgi%iﬁltgygjijjfljj.OOO 1.440 X 103 |7.480 1.077 X 10% |5.284 X 102
‘ ::Efaa;.A1,075}x‘JOj?A;9:;§§{3g15y2i6.944 X 10-41.000  15.194 % 10-3 7.480 3.669 X 10°]
it érZ:Q]Q~xﬁJpjﬂwijjgjﬁg_»_-_lj;337 X 10-11.925 x 102 |1.000 1.440 X 103 |70.64
_;dﬂftrJf},é}jAj‘}p:7)ijf2§2r} 10'2j9.284 X 10-5/1.337 X 10-1]6.944 X 10-4] 1.000 4.906 X 1072
ifigf ,;;,aag‘xAJpjﬁﬂg;;ggg;ggjg[j,jigggwg~lg-3 2.725 1.416 X 102| 20.38 1.000
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TABLE 1-5. (Continued)
CONVERSION TABLE FOR HYDRAULIC CONDUCTIVITY &
INTRINSIC PERMEABILITY UNITS FOR WATER AT 20° C
cm/sec ft/day gpd/ft2 cm? darcy

cm/sec 1.000 2.835 X 103 2.121 X 104 1.027 X 107 1.040 X 103
ft/day 3.528 X 10-4 1.000 7.480 3.623 X 1079 3.669 X 10~
gpd/ft2 4.716 % 105 1.337 X 1071 1.000 4.842 x 10710 4.906 X 10-2
cm? 9.740 X 10% 2.761 X 108 2.065 X 109 1.000 1.013 X 108
darcy 9.613 X 1074 2.725 20.38 9.870 X 1079 1.000




1 gpm = 1 x 1440 min/day
7.48 gal/ft3

= 192.49 ft3/day

1 gpd/ft = 1 = 0.1337 ft%/day
7.48 gal/ft3

Equation 1-4 would then be:

(2.30) (192.49) Q 1og (2.25 x 0.1337) Tt
(4 =) (0.1337) 7 re s

Ah

264 ( log 0.30 Tt
T r2 S

where
Ah = hydraulic head change at radius r and time t [ft]
Q = injection rate [gpm]
T = transmissivity [gpd/ft]
S = storage coefficient [dimensionless]
t = time since injection began [days]
r = radial distance from well bore to point of interest [ft]
A reader interested in a more extensive discussion of units and dimen-
sions can consult one of numerous available texts on the subject, for example,

Taylor (1974), Pankhurst (1964), Ipsen (1960), Sedov (1959), and Murphy
(1950).
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APPENDIX - CHAPTER 1

UNITS AND CONVERSION FACTORS

LENGTH
Equivalents of First Column
Unit Centi- Kilo-
meters Meters meters | Inches Feet Yards Miles
1 Centimeter 1 .01 .00001 | .3937 .0328 .0109 .0000062
1 Meter 100 1 .001 39.37 3.2808 1.0936 .000621
1 Kilometer 100,000 1,000 1 39,370 3,280.8 1,093.6 .621
1 Inch 2.54 .0254 .0000254 1 .0833 .0278 .000016
1 Foot 30.48 .3048 .000305 12 1 .3333 .000189
1 Yard 91.44 .9144 .000914 36 3 1 .000568
1 Mile 160,935 1,609.3 1.6093 63,360 5,280 1,760 ]
AREA
Equivalents of First Column
Unit Square Square Square Square Square Square

Centimeters Meters Inches Feet Yards Acres Miles
1 Sq. cen-
timenter 1 .0001 .155 .00108 .00012 -- --
1 Sq.
meter 10,000 1 1,550 10.76 1.196 .000247 --
1 Sq. 1inch 6.452 .000645 1 .00694 .000772 -- --
1 Sq. foot 929 .0929 144 1 171 .000023 --
1 Sq. yard 8,361 .836 1,296 9 1 .000207 --
1 Acre 40,465,284 4,047 6,272,640 43,560 4,840 1 .00156

1 Sq. Mile -- 2,589,998 -~ 127,878,400 3,097,600 640 |




,,,,,,,,,,,,,,,,,,,,, e ___VOLUME
- - Equivalents of First Column
Jnit Cubic Cubic U.s. Imperial Cubic Cubic
Centimeters Meters Liters Gallons | Gallons Inches Feet
.. Centimeter 1 .000001 .00 .000264 .00022 .061 .0000353
Ca. Meter 1,000,000 1 1,000 264.17 220.083 61,023 35.314
_itar 1,000 .001 1 264 | .220 61.023 .0353
L.S. Gallon 3,785.4 .00379 3.785 1 .833 231 .134
I=rerial Gallon 4,542.5 - .00454 4.542 1.2 1 277.274 .160
Cu.oinen 16.39 . 0000164 .0164 .004 33 .00361 1 .000579
Cu. Foot ) 28, 317_- ~.0283 ?28.317 7.48 6.232 1,728 1
o o FLOW
"""""""""" T Equivalents of First Column
U.s. | U.S. Imp.
¢ Cubic Feet Cubic Feet Gallons Imp. Gall on’ Gallons | Gallons | Acre Feet
Per Second Per Day Per Minute Per Minute | Per Day | Per Day Per Day
"""""" - B 1 )
Cu : J
Lar ] 86,400 448.83 374.03 546,323 | 538,860 1.983
;;; y .0000116 1 .00519 00433 7.48 6.233 .000023
2.5, Gallon |
ver in. .00223  192.50 1 833 | 1,440 1,200 .00442
. Gatlon
wer Min, .00267  231.12 1.2 1 1,728 1,440 .0053
£.%. Gailon
ler Day .00000186 .134 .000694 .000579 1 .833 .00000307
: Gailon
ser Day .00000186 . 160 .000833 .000694 1.2 1 .00000368
ey 504 43,560 226.28 188.57 5325,850 271,542 1
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APPENDIX -- Continued

WEIGHT
Equivalents of First Column
Ounces Pounds
Unit (Avoir- (Avoir- Tons Tons
Grams Kilograms dupois) dupois) (Short) (Long)

1 Gram 1 .001 .0353 .0022 .0000011 .00000098
1 Kilogram 1000 1 35.274 2.205 .0011 .000984
1 Ounce

(Avoirdupois) 28.349 .0283 1 .0625 .0000312 .0000279
1 Pound

(Avoirdupois) 453.592 .454 16 1 .0005 .000446
1 Ton (Short) 907.184.8 907.185 32,000 2,000 1 .893
1 Ton (Long) 1,016,046.98 1,016.047 35,840 2,240 1.12 1

CONVERSION TABLE
(Gallons per Minute--Gallons per Day--Cubic Feet per Second)

ﬁ;P.M * G.P.D.* Sec. Ft.* G.P.D.* G.P.M.* Sec. Ft.*

10 14,400 0.022 10,000 6.9 0.015

20 28,800 0.045 20,000 13.9 0.031

30 43,200 0.067 30,000 20.8 0.045

40 57,600 0.089 40,000 27.8 0.062

50 72,000 0.111 50,000 34.7 0.077

75 108,000 0.167 75,000 52.1 0.116

100 144,000 0.223 100,000 69.4 0.155

125 180,000 0.279 120,000 83.3 0.186

150 216,000 0.334 140,000 97.2 0.217

175 252,000 0.390 160,000 1171 0.248

(Continued




APPERDIX - Continued

CONVERSION TABLE -- Continued

R - I |
i i
G.Pp.M ¥ G.P.D.* i Sec. Ft.* G.P.D.* G.P.M.* Sec. Ft.*
]
- [, _hvw_A?_-__ R,

- 200 288,000 i 0.446 180,000 125.0 0.015
250 360,000 | 0.557 200,000 138.9 0.309
300 437,000 ! 0.668 300,000 208.3 0.464
350 504,000 i 0.780 400,000 277.8 0.619
400 576,000 j 0. 391 500,000 347.2 0.774

j
S50 648,000 f 1.00 600,000 416.7 0.928
500 720,000 ; 1.11 700,000 486.1 1.08
550) 792,000 | 1.23 800,000 555. 6 1.24
60 864,000 L 1.34 900,000 625.0 1.39
650 936,000 1.45 1,000,000 694 .4 1.55
700 1,008,000 1.56 1,200,000 833.3 1.86
754 1,080,000 1.67 1,400,000 972.2 2.17
200 1,152,000 1.78 1,600,000 1111.1 2.48
350 1,224,000 1.89 1,800,000 1250.0 2.79
ns 1,296,000 2.01 2,000,000 1368.9 3.09
a5 1,368,000 2.12 2,500,000 1736.1 3.87

1000 1,440,000 2.23 3,000,000 2083.3 4.64
1200 1,728,000 2.67 3,500,000 2430.6 5.42

HEAIY 2,016,000 3.12 4,000,000 2777.8 6.19

1607 2,304,000 3.57 4,500,000 3125.0 6.96

1200 2,592,000 % 4.01 5,000,000 3472.2 7.74

2000 2,880,000 E 4 .46 10,000,000 6944 .4 15.5

I S -
* - P.M.o U.S. Gallons per Minute
P.D,: U.%. ga{ions Ber ZA-ﬁogr Day
Sec. Fi.: 'Cubic Feet per Second




APPENDIX - Continued

COMPARISON OF UNITS USED IN PETROLEUM INDUSTRY WITH
UNITS USED BY GROUND WATER INDUSTRY

Ground-Water Industry Unit

Gallon (gal.) (42 Gallons). . .

9,702 cu. inches
5.615 cu. feet.

Q-gallons per minute (gpm) . . .

Drawdown in feet (s)
pumping level minus static
water Tevel (SWL)
(s,) - actual drawdown
(st) - theoretical drawdown
of 100% efficient well

Specific capacity (S)
gpm per foot of drawdown

Permeability:

meinzer - gallons per day of
water at 60°F per
square foot at 100%
hydraulic gradient

18.24 gallons/day/sq. foot
(60°F)
(0.01824 gals/day/sq. foot)

Transmissibility: . . . . . . . .

gpd - ft. at prevailing
temperature at 100%
hydraulic gradient

Equivalent Petroleum Industry Unit

. 1/42 Barrel (bbl.). . 1 Barrel

. . 34.29 Barrels per day (B/D)

Differential pressure = 0.433
psi/ft of drawdown for water
with a specific gravity of 1.0

. Productivity index (P.I.)
79.91 B/D per psi

- Permeability:

1 darcy - cubic centimeters
18.24 per second per square
centimeter at one dyne
per square centimeter
length and viscosity
of one centipoise.

54.82 millidarcy
1 darcy
1 millidarcy

. Transmissibility:

1
20.38 darcy-ft. per centipoise

49.07 millidarcy-ft. per centipoise

20



CHAPTER 2
THE GEOLOGIC AND HYDROLOGIC ENVIRONMENT

Knowledge of the geologic and hydrologic characteristics of the sub-
surface environment at an injection well site and in the surrounding region
1s fundamental to the evaluation of the suitability of the site for waste-
water injection and to the design, construction, operation and monitoring
of injection wells. In defining the geologic environment, the subsurface
rock units that are present are described in terms of their 1ithology, thick-
ness, areal distribution, structural configuration and engineering properties.
The chemical and physical properties of subsurface fluids and the nature of
the Tocal and regional subsurface flow system comprise the hydrologic environ-
ment. In addition, resources of. present or potential value are identi-
fied to avoid endangering them through wastewater injection. The characteris-
tics of the geologic and hydrologic environment are defined and discussed in
this chapter with reference to wastewater injection.

INJECTION AND CONFINING INTERVALS

Vertical sequences of rocks that occur in the subsurface are conven-
tionally subdivided by geologists into groups, formations, and members, in
descending hierarchy. That is, members are subdivisions of formations and
formations subdivisions of groups. Use of these terms implies mappable
(traceable) rock subdivisions, based on mineralogy, fossil content, or other
recognizable characteristics. However, such subdivisions may or may not be
entirely suitable when discussing subsurface flow systems, because the engi-
neering properties of porosity and permeability often do not respect geologic
boundaries. This problem was long ago recognized by ground water hydrolo-
gists who developed the terms aquifer, aquiclude, aquitard, and aquifuge to
describe rock subdivisions in terms of their capacity to hold and transmit
water. An aquifer is defined as a formation, group of formations, or part of
a formation that contains sufficient saturated permeable material to yield
significant quantities of water to wells and springs. Conversely, an aqui-
clude stores water, but does not transmit significant amounts. An aquitard
lies between the two previously defined types in that it transmits enough
water to be regionally significant, but not enough to supply a well. An
aquifuge neither contains nor transmits water {Davis and DeWiest, 1966;
Walton, 1970). These same terms could be applied in discussing wastewater
injection, and sometimes are; but other terms are more commonly used. Actual
or potential receiving aquifers are commonly called the injection intervals,
rones, units, or reservoirs and the intervening strata are referred to as
confining intervals (aquicludes) or semi-confining intervals (aquitards). The
basement sequence of igneous or metamorphic rock that lies beneath the sedi-
mentary rock cover is qgenerally non-porous and impermeable (aquifuge). In the



remainder of this text, injection interval will be used to describe the total
vertical interval into which wastewater is being injected and injection zone
will mean a subdivision of the injection interval. Other terminology, as
defined above, will also be used where appropriate.

ROCK TYPES

Rocks are described in terms of their origin and their 1ithology, the
latter characteristic being defined by their composition and texture. By
origin, the three broad rock types are classified as igneous, metamorphic,
and sedimentary. While nearly all rock types can, under favorable circum-
stances, be capable of acting as injection intervals, sedimentary rocks, par-
ticularly those deposited in a marine environment, are most 1ikely to have
suitable geologic and engineering characteristics. These characteristics are
sufficient porosity, permeability, thickness, and areal extent to permit the
rock to act as a liquid-storage reservoir at safe injection pressures.

Sandstone, limestone, and dolomite are types of sedimentary rock com-
monly porous and permeable enough in the unfractured state to be suitable
injection reservoirs. Naturally fractured limestone, dolomite, shale, and
other rocks may also be satisfactory.

Unfractured shale, clay, siltstone, anhydrite, gypsum, and salt have
been found to provide good seals against upward or downward flow of fluids.
Limestone and dolomite may also be satisfactory confining beds; but these
rocks commonly contain fractures or solution channels, and their adequacy
must be determined in each case.

STRATIGRAPHIC GEOLOGY

Study of the composition, sequence, thickness, age and correlation of
the rocks in a region is stratigraphic geology or stratigraphy. The basic
means of display of data used in stratigraphic studies is the columnar sec-
tion, which is a graphic representation of the rock units present at a loca-
tion or in a region. Figure 2-1 is a generalized columnar section for north-
eastern IT1linois. This particular example was selected because it shows a
variety of rock types, is typical of the east-central states, and is easily
interpreted and discussed. Some possible injection intervals in Figure 2-1
are indicated by the fact that they are being used for natural gas storage.
One of these possible injection reservoirs, the Mt. Simon Formation, is the
deepest and is overlain by the Eau Claire Formation, which may contain shale
confining beds. On the other hand, the St. Peter Formation is the shallowest
and is overlain by limestones and dolomites, which are less dependable for
confinement. Therefore, the St. Peter has a lesser potential for wastewater
injection. The Mt. Simon Formation has, in fact, been widely used for waste-
water injection in I1linois, Indiana, Ohio, and adjacent states, whereas no
injection wells have yet been constructed for disposal into the St. Peter
Formation. In areas where there are sandstones in the Eau Claire Formation,
immediately above the Mt. Simon, these can be considered along with the Mt.
Simon Formation as a single injection interval (aquifer). This interval has
been referred to as the Mt. Simon aquifer (Suter and others, 1953) or the
"basal sandstone" {Ohio River Valley Water Sanitation Commission, 1976).
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Another means of displaying stratigraphic information is the cross sec-
tion. Figure 2-2 is a west-east cross section of southeast Kansas, which
has been constructed from the stratigraphic columns of 15 deep wells. This
cross section was selected to show a typical stratigraphic sequence from the
Kansas-Oklahoma area. In this case, the most promising injection interval
is the Arbuckle Formation, which is widely used for industrial wastewater
and oilfield brine disposal in Kansas and Oklahoma. The Arbuckle is composed
principally of dolomite interbedded with sandstone, as is indicated by the
patterns used in the cross section.

Cross sections show the thickness of rock units along a selected 1line,
but thickness (isopach) maps are used to show this characteristic over an
area. Figure 2-3 is a map showing the thickness of the Mt. Simon aquifer or

Ac Tnnc] Aiec_
basal sandstone interval in the Ohio River Basin area. As previously dis-

cussed, this basal interval includes the Mt. Simon Formation and sandstones
immediately above it in the Eau Claire Formation. As can be seen in Fig-

ure 2-3, the basal sandstone of the Ohio Valley area is more than 2,500 feet
thick in northeastern I11inois but disappears entirely in northern New York.
Figure 2-4 shows the thickness of the confining beds in the Eau Claire For-
mation that overlie the basal sandstone. Thicknesses range from about 200
feet to over 600 feet. The confining interval is only shown as being present
where the strata are dominantly shale and siltstone. Elsewhere the basal
sandstone is overlain by sandstone, dolomite, or limestone and the effective-
ness and upper boundary of the confining interval become less well defined.
Other factors being equal, the thicker an injection or a confining interval,
the better it will serve its purpose. However, there is no lower limit of
thickness that can be established for either an injection or confining inter-
val in general. Judgement is based on engineering as well as geologic fac-
tors and must be made for each individual case. Examples of such an evalua-
tion will be given later.

Rock units commonly vary in their composition as they are traced later-
ally. Such variations are referred to as facies changes, facies being a
geologic term that means appearance or aspect. For example, Figure 2-5 is
a schematic west-east cross section that shows the lower Eau Claire Formation
changing from a mixture of 1ithologies in eastern Indiana and western Ohio to
sandstone in central Ohio and to dolomite in eastern Ohio. In this case, for-
mational names also change as the 1ithology changes. Facies maps show such
variations over an area. Some types of facies maps are ratio maps, percen-
tage maps, and isolith maps. These would show with patterns or contours,
respectively, ratios or percentages of the constituents or the aggregate
thickness of one selected constituent.

Figure 2-6 shows the ratios of shale-siltstones, sandstones,and carbonates
in the Eau Claire confining interval that overlies the basal sandstone (Mt.
Simon aquifer) in the Ohio River basin area. Ratios are only shown where
this interval is more than 50 percent shale-siltstone because, as previously
explained, the effectiveness of confinement and upper boundary of the inter-
val are less certain as the amounts of sandstone and carbonatesin the confin-
ing unit increase. Comparison between Figures 2-5 and 2-6 shows that both
indicate a rapid change in the 1ithology of the Eau Claire Formation from
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FIGURE 2-5.

SCHEMATIC WEST-EAST SECTION OF THE EAU
CLAIRE AND EQUIVALENT ROME STRATA
(JANSSENS, 1973, P. 10).
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west to east across Ohio. Facies maps of injection intervals can, similarly,
be useful in showing changes that affect their quality for injection purposes.

STRUCTURAL GEOLOGY

Structural geology is concerned with the folding and fracturing of rocks
and the geographic distribution of these features.

Structural geologic characteristics of a region and, on a smaller
scale, of a particular site are significant because of their role in influen-
cing subsurface fluid flow, the engineering properties of rocks, and the lo-
calization of mineral deposits and earthquakes. Sedimentary rocks may be
folded into synclines (downward or trough-like folds) or anticlines (upward
folds). Synclinal basins of a regional scale (hundreds of miles) are viewed
as particularly favorable for wastewater injection as discussed in Chapter 5.
On a smaller scale, petroleum occurs naturally in closed anticlinal folds.
Anticlines are also used for temporary underground storage of natural gas.
Therefore, many anticlinal areas in petroleum-producing states and in regions
where gas storage is practiced are not available for wastewater injection.

On the other hand, it has been suggested that wastes less dense than the
water in the injection interval could be stored in anticlines, as is natural
gas (Figure 2-7), if the anticlines were not otherwise used. Injection of
wastes denser than water into closed synclinal areas might also be

good practice because the wastes would tend to remain trapped there.

This concept has not been employed to date, but may merit consideration in
the future.

Faults are fractures in the rock sequence along which there has been
displacement of the two sides relative to one another. Such fractures may
range from inches to miles in length and displacements are of comparable
magnitudes. Faults may occur singly or in systems so complex that it is
not possible to completely define them.

It is known, through experience, that faults may act either as barriers
to fluid movement or as channels for fluid movement. However, little is
known in detail about how and why some faults are barriers and others are
flow channels. In theory, no fault in a sedimentary rock sequence will be
an absolute barrier, but a fault may be of so much Tower permeability than
the aquifer it cuts that it is, for practical purposes, a barrier. Since
it will seldom be possible for a geologist to initially state whether a
fault is a barrier or a flow path, it would be appropriate to consider any
significant fault to be a flow path for purposes of preliminary evaluation of
its importance. If, as a consequence of this initial assumption, the fault
would be an environmental hazard it would then be necessary to either abandon
the project or to test the fault directly by methods that will be described
later. A significant fault might be defined as one that is of sufficient
length, displacement, and vertical persistence to provide a means of travel
for injected wastewater to an undesirable location. This question is one that
will have to be answered by qualified geologists and engineers on the basis
of their best judgement, after a review of the data for a particular site.

30



P well B well C well D

—
—_— T
_—
~—— T
—_— - N ~
— T ~—— ~
b — T T ~
— -
] _ —_— T N . - ™~
- - . - —~—— S - - ~

Sandstone containing interstitial tormation water

/ e

- —

o L
- ) '7 - e o /
e

FIGURE 2-7. SCHEMATIC ILLUSTRATION OF THE CONCEPT OF
STORING LIGHT WASTES IN ANTICLINES AND
DENSE WASTES IN SYNCLINES (ALVERSON, 1970).



Empirical observations and considerable research have, within the past
decade, 1ed many earth scientists and engineers to the conclusion that, under
the proper circumstances, subsurface fluid injection can stimulate movement
along some faults. When movement occurs, stored seismic energy is released;
that is, an earthquake occurs. Although much remains to be learned about
this subject, it appears that the circumstances favorable to earthquake gen-
eration are relatively rare. The mechanism of earthquake generation and
means of anticipating such an occurrence will be expanded upon in later sec-
tions.

Fractures also exist along which there has been no movement. This type
of fracture may be referred to as a crack or joint to distinguish it from a
fault. Cracks and joints are important sources of porosity and permeability
in some aquifers but can be undesirable when they channel fluids rapidly
away from an injection well in a single direction or where they provide flow
paths through confining strata. The presence and nature of fractures is de-
termined by examination of rock cores obtained during drilling, by well log-
ging and testing methods, and from experience with other deep wells drilled
in the same region.

Structural geologic data are displayed in maps, cross sections, and
other types of figures. Major structural features are displayed in tectonic
maps (regional scale) or structural geologic maps (subregional or local
scale). Figure 2-8 shows the location of prominent structural geologic fea-
tures in southwest Alabama, which include the Hatchetigbee anticline, the
Jackson fault-Klepac dome!, the Mobile grabenZ, and the Gilbertown, Coffee-
ville-West Bend, Walker Springs, Pollard, and Bethel fault zones. Other sig-
nificant structures are domal anticlines near Chatom, Citronelle, South
Carlton, and the salt dome at McIntosh. Industrial disposal wells have been
drilled in the Mobile graben (T. 1 S., R. 1 E., Mobile County) and on the
north flank of the McIntosh salt dome (T. 4 N., R. 1 E., Washington County),
which is also in the Mobile graben (see Tucker and Kidd, 1973 for further
details). Figure 2-9 is a west-east structural cross section across the
Mobile graben and the Klepac dome, illustrating the nature of faulting asso-
ciated with the graben.

Maps that show the elevation of a particular stratigraphic horizon rel-
ative to a selected datum are structure contour maps. Structure contour maps
allow an estimate of the approximate depth to the mapped unit, the direction
and magnitude of dip of the unit, and also show the location of faults and
folds that may influence decisions concerning the location and monitoring of
a well. Figure 2-10 is a map of the configuration or structure of the top

1A dome is a symmetrical anticline, with the strata dipping more or less
equally in all directions from the center. Salt domes, which are common in
the Gulf Coast Region have been formed by the upward movement of a core of
salt.

2p graben is a block of strata that has been downdropped between two
faults, as is illustrated in Figure 2-9.
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of the Wilcox Group in southwestern Alabama. The datum for the map is sea
level. A wastewater injection well present in T. 1 S., R. 1 E., is injecting
into a sand bed in the Wilcox Group. It can be seen that the depth to the
top of the Wilcox Group is about 2,600 feet in the center of the township
(elevation of the Wilcox is about -2,600 feet and the ground elevation in
that area is less than +50 feet). The general regional dip of the top of

the Wilcox Group is roughly 40 feet per mile to the southwest, but the dip

is steeper and more westward in the center of the township in which the well
is Tocated. It can also be seen that the well is between two major faults
that enclose a downdropped biock, previously identified as the Mobile graben.

ENGINEERING PROPERTIES OF ROCKS

In order to make a quantitative evaluation of the mechanical response
of the subsurface environment to wastewater injection, the engineering prop-
erties of the reservoir rocks must be determined or estimated. Properties
classed here as engineering include porosity, permeability, compressibility,
temperature, and state of stress. Each of these is described in detail
below.

Porosity
Porosity is defined as:
o = YX_ (dimensionless) (2-1)
v
t

porosity, expressed as a decimal fraction

=
=
M
-3
9]
-
]

volume of voids

<
<
I

<l
t+
!

= total volume of rock sample.

Porosity is also commonly expressed as a percentage. Porosity may be
a total porosity or effective porosity. Total porosity is a measure of all
void space; effective porosity is based on the volume of interconnected voids.
Effective porosity better defines the hydraulic properties of a rock unit,
since only interconnected porosity is available to fluids flowing through the
rock. The difference between total and effective porosity is often not
known, or it may be small, but the distinction should be kept in mind.

Porosity may also be classified as primary or secondary. Primary poro-
sity includes original intergranular or intercrystalline pores and the poro-
sity associated with fossils, bedding planes, and so forth. Secondary
porosity results from fractures, solution channels, and from recrystalliza-
tion and dolomitization. Intergranular porosity occurs principally in uncon-
solidated sands and in sandstones. Intergranular porosity in a sandstone
depends on the size distribution, shape, angularity, packing arrangement,
mineral composition, and degree of natural cementation of the grains. Itcan be
measured in the laboratory on consolidated rock cores taken during drilling.
Core analysis of unconsolidated sands is difficult, but techniques have
recently been developed by which it is possible to obtain cores from such
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formations and to perform laboratory analyses upon them with some assurance
that the results are representative of the in situ formation properties
(Mattax and Colthier, 1974). Porosity contributed by fractures and solution
channels is also difficult to measure in the laboratory. A major deficiency
of core analysis is the fact that the samples being measured comprise only a
small fraction of the interval of interest and may not be representative of
the rock in place. To determine the porosity of strata in place, various
borehole geophysical methods that will be discussed later can be used.

Porosities in sedimentary rocks range from over 35 percent in newly
deposited sands to less than 5 percent in lithified sandstones. Dense 1ime-
stones and dolomites may have almost no porosity. Porosity is not a direct
measure of the overall reservoir quality of a rock unit, but a reservoir with
high porosity is better than one with low porosity. This is because the
greater the amount of pore space, the smaller will be the area into which the
waste will spread. Also, although there is no universal relation between
porosity and permeability, an increase in porosity often correlates with
increased permeability in a particular aquifer or injection interval. Figure
2-11 s a contour map of the average porosity of the basal sandstone (Mt.
Simon aquifer) in the Ohio River basin area. Average porosities range from
over 20 percent to less than 5 percent. A porosity of over 20 percent is
high for a lithified sandstone and a porosity of less than 5 percent is very
Tow.

The average porosity multiplied by the total thickness of reservoir rock
yields the pore volume per unit area. This number provides a means of read-
ily comparing the storage capacity of a formation at various locations. Con-
tour maps of pore volume have been called isoval maps. The data in Figures
2-3 and 2-11 could be combined to obtain an isoval map.

No criteria have been developed for classification of the quality of
a reservoir based on its pore volume, and this may not be possible. A thick
sandstone with a low porosity can have the same pore volume as a thinner
sandstone with a high pore volume, yet the reservoirs will not be of equal
quality for injection purposes. However, in general, a reservoir with a high
pore volume will be better than a reservoir with a low pore volume.

Permeability

The permeability of a rock is a measure of its capacity to transmit a
fluid under an applied potential gradiert. As with porosity, intergranular
permeability is influenced by the qrain properties of rocks that are com-
posed of grains (sands, sandstones. siltstones, shales, etc.). However,
whereas porosity is not theoretically dependent on grain size, permeability
is strongly dependent on this property. The sraller the grains, the larger
will be the surface area exposed to the flowing fluid. Since it is the fric-
tional resictance of the surface areca that lowers the flow rate, the wmaller
the grain size the lower the permeability. Shales, which are farmed from
extremely srall grains, have alimost no permeability.  This 15 why shales are
selected as confining interyvals.  As with offoctive porosity, permeability
also results feor interconned ted <olution chagrnels and fractures as well an
frors intorconnected dnterovanglar e
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Quantitatively, permeability is expressed by Darcy's law, one form of
which is:

K= Qud [L2] (2-2)
Apg dh
where Q = flow rate through porous medium

A = cross-sectional area through which flow occurs

v = fluid viscosity

p = fluid density

L = Tength of porous medium through which flow occurs
h = fluid head loss along L

g = acceleration of gravity

K = coefficient of. permeability

When the properties of fluid density and viscosity appear in the Darcy
equation, as in Equation 2-2, the flow capacity of the medium alone is mea-
sured and is referred to as the coefficient of permeability. If cgs units
are used, K will be expressed in cm?. The unit of permeability used in oil-
field work is the darcy or the millidarcy, which is one-thousandth of a dar-

cy. The darcy is defined by:

K=Qu db [Le] (2-3)
A dp

where p = ¢gh = pressure and the specified conditions are:

1 darcy = 1 cm3/sec x 1 centipoise x 1 cm
1 cmé x 1 atmosphere

A simpler form of Darcy's law used in shallow ground water studies is:

Kk = QdL L/T 2-4)

A dh (L/7] (
where X = hydraulic conductivity, and other symbols are as previously de-
fined.

The density and viscosity of the aquifer fluids do not appear in Equa-
tion 2-4 because they are incorporated as part of the hydraulic conductivity
value.  Inocgs units, hydraulic conductivity i< in cn/sec.  The .S, Geoio-
gical Survey unit for hydraulic conductivity ie feet/day and formerly was
arllons/day x £t (meinzers). Because permeabilities may be found expressed
inoany of the units mentioned, Table 1-5% i< provided to allow conversions 1o
Bres e



Permeability values from core samples of units used for wastewater
injection or petroleum production range from several darcys to less than one
millidarcy, but an average value of less than 10 millidarcys for an overall
interval would be considered to be very low, whereas a value of 100-1,000
millidarcys would be good to very good. Shales, which are considered to be
suitable confining strata, have permeabilities in the order of 10-3 to 10"
millidarcys, or thousands of times less than an adequate injection interval.

In evaluating the suitability of an injection or confining unit, reser-
voir thickness is as important as permeability. Saturated reservoir thickness
multiplied by hydraulic conductivity is the transmissivity, which can be in-
terpreted as the rate at which fluid at the existing fluid viscosity and den-
sity is transmitted through a unit width of aquifer at a unit hydraulic gra-
dient. The unit of transmissivity (T) is darcy-feet/centipoise or milii-
darcy-feet/centipoise. A suitable injection interval will usually require
transmissivities measured in thousands of millidarcy-feet/centipoise. As
with porosity, permeability can be measured on core samples in the laboratory
or by tests performed in boreholes.

It should be mentioned that permeability may be dependent on the chemis-
try of the permeating fluid. Reservoirs that contain clay minerals may have
a lower permeability to water than to air. The degree of permeability re-
duction to water as compared with air is termed the water sensitivity of a
reservoir (Baptist and Sweeney, 1955). It is also important to note that the
permeability of a reservoir to two or more fluids of differing capillary
properties is not the same as the permeability to a single fluid as has been
discussed above. When two fluids, for example, water and air or water and oil,
are flowing simultaneously through a rock, the permeability to either is
lower than it would be if the rock were fully saturated with the one fluid.
This is one reason why oils or entrained gas should be removed from a waste-
water before it is injected.

Compressibility

The compressibility of an elastic medium is defined as:

s = [F/L2]"] (2-5)
9p
where g = compressibility of medium [ pressure-!]
V = volume
o = pressure

The compressibility of an aquifer includes the compressibility of the
aquifer skeleton and that of the contained fluids. (See also Compressibility,
under Properties of Subsurface Fluids.) To account for the compressibility
of both the fluid and the aquifer, petroleum engineers often arbitrarily use
a compressibility (c), which ranges from 5 x 106 to 10 x 107° psi-1 as com-
pared with the compressibility of water alone which is about 3 x 10-6 psi‘]
(Amax, Bass, and Whiting, 1960). Van Everdingen (1968) uses this procedure
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in arbitrarily selecting a fluid and rock compressibility of 6 x 1076 psi‘]
for the example calculations that he presents.

A parameter related to compressibility is the storage coefficient, which
is defined by Lohman (1972):

S =¢yb (B + %J [dimensionless] (2-6)
where
S = storage coefficient

¢ = porosity

vy = pg = specific weight of water per unit area or hydro-
static pressure per foot of aquifer thickness

b = aquifer thickness

8 = compressibility of water

a = compressibility of aquifer skeleton.

The storage coefficient is the volume of water an aquifer releases
or takes into storage per unit surface area per unit change in hydraulic head.
Values of S are dimensionless and normally range from 5 x 10-5 to 5 x 10~
for confined aquifers. The storage coefficient may be estimated from the
equation above, or may be determined from aquifer tests that will be des-
cribed.

Unfortunately, it is seldom possible to accurately calculate the stor-
age coefficient using Equation 2-6, because the compressibility of the aqui-
fer skeleton is only rarely known. However, Equation 2-6 is often employed
to estimate a value, which is usable if no other information is available,
and which can also be used to check values obtained from field tests. If the
compressibility of water alone is used in Equation 2-6, then a storage co-
efficient will be obtained that is unreasonably Tow, because it does not
account for any of the compressibility of the aquifer skeleton. The number
does, however, serve to establish a lTower limit for possible values of the
storage coefficient. As discussed above, it is common practice in petroleum
engineering to estimate the compressibility of subsurface reservoirs tobe about
two to three times that of the contained water alone. In effect, that would
be equivalent to computing the storage coefficient for water alone using bqua-
tion 7-6 and then doubling or tripling the value. Such number< might be re-
garded as average for deep confined aquifers. Lohman (1977) suggests that
4 value of 1076 ner foot of aquifer thicknesa is representative of confined
aquifers.,

As an example, consider the storage coefficient resulting from the onm-
pressibility of water alone inoa 100 foot-thick aquifor with o poronity of
e Teoe Pouation 26008 oo e IO A ST R L R A A B A B



10-6 psi‘]) = 2.7 107°. Since this value must be too low, it will arbitrarily
be multiplied by 2.5 to obtain a more reasonable value of 7.4 x 10-2. In com-
parison with this, Lohman's suggested value of 10-6 per foot of aquifer
thickness gives a storage coefficient of 1 x 10-4. None of these procedures
yields an accurate value, but they all help to determine the order of magni-
tude within which the storage coefficient should 1ie.

Temperature

The temperature of the aquifer and its contained fluids is important
because of the effect that temperature has on fluid properties. The tempera-
ture of shallow ground water is generally about 20 to 3° greater than the
mean annual air temperature. Figure 2-12 shows the approximate temperature
of ground water in the United States. Below the shallow ground water inter-
val, the temperature increases at an average rate of about 2°F per 100 feet
of depth, but the rate of increase is quite variable and may be from as much
as 59F to less than 10F per 100 feet of depth (Levorsen, 1967). This rate
of temperature increase with increasing depth is termed the geothermal grad-
ient. The geothermal gradient is obtained from temperature measurements made
in deep wells and is calculated by dividing the difference between the temper-
ature at a point in the subsurface and the mean annual surface temperature by
the depth to the observation point. Figure 2-13 is an example of a geothermal
gradient map. Geothermal gradient maps for the United States have been pre-
pared by the American Association of Petroleum Geologists, Tulsa, Oklahoma,
and can be obtained from the organization.

Using data such as that in Figure 2-12 and 2-13, the temperature at a
specific location and depth can be estimated. For exampie, at a site where
the mean annual surface temperature is 60°F and the gradient is 1.50 per
100 feet of depth, the estimated temperature at a depth of 3,000 feet would
be about 1059F.

State of Stress

In a sedimentary rock sequence, the total normal vertical stress in-
creases with depth of burial, under increasing thicknesses of rock and fluid.
It is commonly assumed, and the validity of the assumption can easily be
verified, that the normal vertical stress increases at an average of about
1 psi/ft of depth. The lateral stresses may be greater or less than the
vertical stress, depending on geologic conditions. In areas where crustal
rocks are being actively compressed, lateral stresses may exceed vertical
ones. In areas where crustal rocks are not in active compression, lateral
stresses should be Tess than the vertical stress. The basis of estimating
lateral stress prior to drilling of a well is hydraulic fracturing data from
nearby wells and/or knowledge of the tectonic state of the region in which
the well is Tocated. The tectonic state of various regions is only now being
determined. For example, Kehle (1964) concluded, as a result of hydraulic
fracturing data from four wells, that the stresses at the well locations
in Oklahoma and Texas were representative of an area that was tectonically
in a relaxed state. 1In contrast, Sbar and Sykes (1973) characterized much
of the eastern and north-central United States as being in a state of active
tectonic compression.
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Degrees Fahrenheit

FIGURE 2-12. APPROXIMATE TEMPERATURE OF GROUND WATER IN THE

UNITED STATES AT DEPTHS OF 30 TO 60 FEET (COLLINS,
1925) .
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In order to predict the pressure at which hydraulic fracturing or fault
movement would be expected to occur, it is necessary to estimate the state
of stress at the depth of the injection horizon. On the other hand, deter-
mination of the actual fracturing pressure allows computation of the state
of stress (Kehle, 1964).

The general equation for total normal stress across an arbitrary plane
in a porous medium is (Hubbert and Willis, 1972):

S=p+o [F/L2] (2-7)
where S = total stress

p = fluid pressure

o = effective or intergranular normal stress.

Effective stress, as defined by Equation 2-7, is the stress available to
resist hydraulic fracturing or the stress across a fault plane that acts to
prevent movement on that fault. The equation shows that, if total stress
remains constant, an increase in fluid pressure reduces the effective stress
and a decrease in fluid pressure ,increases effective stress. When the effec-
tive stress is reduced to zero by fluid injection, hydraulic fracturing oc-
curs. In the presence of a fault, along which shear stress already exists,
fault movement will occur before normal stresses across the fault plane are
reduced to zero.

Further discussion concerning the state of stress and hydraulic frac-
turing will be presented in the section on hydraulic fracturing.

Properties of Subsurface Fluids

Chemistry --

Judgement as to whether wastewater may or may not be permitted to be
injected into a rock unit depends, in part, on the chemistry of the contained
water. Chemical analyses of subsurface water are also useful for correlation
of stratigraphic units, interpretation of subsurface flow systems, and calli-
bration of borehole logs. In wastewater injection, the chemistry of con-
tained water is important because of the possibility of reaction with in-
jected wastewater. This latter topic is discussed in detail in Chapter 6.

In order to evaluate the chemistry of aquifer water, it 1S necessary
to obtain samples after a well is drilled; samples from previously drilled
wells may provide a good indication of what will be found. Geophysical logs
are also useful for estimating the dissolved solids content of aguifer water
in intervals that are not sampled. The range of dissolved ions that may be
present in oo subsurface water is 5o great that a complete chermical analysis
is seldor performed.  In most instances, analysis will be made {for the princi-
pal dons and others on a selected hasis.  Table 2-1 lists the chemical and
physival determinations that may be perforsed for the naturally occurring

wdter dn an anoertion interval . The youtine detereinations chararterize the



TABLE 2-1. COMMON WATER ANALYSES PERFORMED
ON SUBSURFACE WATER SAMPLES
DETERMINATION ROUTINE ANALYSIS INJECTION INTERVAL WATER
Alkalinity X X
Aluminum X
Barium X
Calcium X X
Chloride X X
Conductivity X X
Hydrogen jon (pH) X X
Hydrogen sulfide X
Iron X X
Magnesium X X
Manganese X
Potassium X X
Sodium X X
Specific gravity X X
Sulfate X X
Total Dissolved Solids X X




general geochemical nature of the water. The additional analyses suggested
for an injection interval water are for the purpose of predicting the reacti-
vity of that water with injected water. They would be selected on the basis
of reactions that are suggested by the chemistry of the wastewater. Samples
of water taken from shallow fresh-water aquifers should be analyzed more com-
pletely for minor elements so that their baseline quality is well established
and the presence of any later-introduced contaminants can be detected.

One means of illustrating the quality of water in a subsurface reservoir
is by use of a map in which the concentration of dissolved solids or another
selected measurement is shown with contours (isocon map). Figure 2-14 shows
the chloride concentrations of Arbuckle Formation water in Kansas and Okla-
homa. The map shows that water in the Arbuckle is less saline around outcrop
areas where it has been diluted by fresh water entering the outcrop. Away
from the outcrop, water in the Arbuckle is very saline, which is one reason
that the formation has been widely used as an injection interval in those
two states.

Viscosity --

Viscosity is the ability of a fluid to resist flow, and is an important
property in determining the rate of flow of a fluid through a porous medium.
The common unit of viscosity is the poise, or the centipoise, which is one
one-hundredth of a poise. Figure 2-15 shows the variation in viscosity of
water with temperature and salinity. Both temperature and dissolved solids
content can have a significant effect. In most cases, the effects will tend
to be offcetting in subsurface waters, since temperature and dissolved solids
content both commonly increase with increasing depth.

Density --

The density of a fluid is its mass per unit volume. Liquid density
increases with increased pressure and decreases with increased temperature.
However, that water changes very little within the range of pressures and
temperatures of interest. For example, the density of water decreases only
0.04 gm/cm3 between 60°F and 210°F (Figure 2-16), and increases only about
0.04 gm/cm3 from O to 14,000 psi (Figure 2-17). A more important influence
on water density is the total dissolved solids content. Figure 2-18 shows
the effect of various amounts of sodium chloride on specific gravity (or
density).] Since natural brines may differ significantly from sodium chlo-
ride solutions, it may be desirable to develop empirical relationships be-
tween density and dissolved solids as was done by Bond (1972) for the I11i-
nois basin (Figure 2-19).

]Specific gravity is the ratio of the mass of ¢ body to that of an
cqual volume of pure water, so for practical purposes, in the metric systen,
the nunerical values of density and specific gravity ave equal. Speoific

aravity, however, 15 dimensionless.
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Pressure --

A knowledge of fluid pressure in the unit proposed for wastewater in-
jection is important. Fluid pressure can be measured directly in the bore-
hole at the depth of the injection horizon, usually by performing a drill-stem
test, which will be described later. Fluid pressure at the injection horizon
can also be measured indirectly by determining the static water level in the

borehole, then computing the pressure of the fluid column at the depth of
interest.

Figure 2-20 shows how fluid pressure increases with depth in a well
bore filled with fresh water having a specific gravity of 1.0. When the aver-

age specific gravity of the water or wastewater is other than 1.0 the rate of
pressure increase varies accordingly. For example, if a well bore is filled

22042 cQSC o2 QLU LI ¥ LY Q [ VAV R v

w1th formation water with a d1sso1ved solids content of 65,000 mg/1iter and
a specific gravity of 1.035, then fluid pressure increases at a rate of 0.45
psi/ft, and would be 450 psi at the bottom of a 1,000-ft-deep water-filled
well. This is an average gradient (Levorsen, 1967, p. 394), but the actual
gradient can vary because of water density variations and other causes and
should be determined for any specific site.

Although instances of truly anomalous formation pressure are likely to
be relatively rare at sites selected for wastewater injection, the existence
of unusually high or low pressures and the possible reasons for their exis-
tence should be recognized.

Hanshaw and Zenn (1965) list ten possible causes of anomalous pressure
as (1) high hydraulic head (2) rapid loading and compaction of sediments (3)
tectonic forces (4) temperature effects (5) osmotic membrane phenomena (6)
"fossil" pressure corresponding to previous greater depth of burial (7)
infiltration of gas (8) mineral phase changes involving water (9) solution or
precipitation of minerals (10) water from magmatic intrusions. Of these mech-
anisms, the first five are the most commonly mentioned. Large scale injection
or extraction of fluids could also be added to the 1ist.

Abnormally high pressures are common in deep wells of the Gulf Coast
(Dickinson, 1953). Berry (1973) concluded that abnormally high pressures in
the California Coast Ranges are a result of tectonic forces. Hanshaw (1972)
discussed natural osmotic effects and their relation to subsurface wastewater
injection.

Compressibility --

A1l pore space in strata used for wastewater injection is already fluid
filled and injected wastewater is emplaced by displacing and compressing
aquifer water and by compressing the skeleton of the aquifer.

The compressibility of water varies both with temperature and pressure,
as is shown in Figure 2-21. For problems in wastewater injection, compressi-
bility w111 gen?ra11y be within the range of 2.8 to 3.3 x 1076 psi‘], and
3.0 x 10-6 psi is a reasonable value to assume in most cases.
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Subsurface Flow Systems

Understanding of the ultimate fate of injected wastewaters and their
environmental effect depends, in part, on knowledge of the regional and local
subsurface flow system. Earlier in the chapter it was shown that the fluid
pressure in a well filled with saline water or a saturated series of sedimen-
tary rocks increases vertically at an average of about .45 psi per foot of
depth below the water surface as a result of the weight of the water alone.
If the water in a subsurface reservoir were static (not moving) and had the
same density everywhere, it would rise to the same level in all wells that
tap the aquifer. In that case, the pressure in a horizontal aquifer would
be the same everywhere. Water in some deeply buried rock units has been
found to be nearly static. If the water is moving, the water levels will
vary. They will be higher in wells nearest the source of flow and Tower at
progressively greater distances away from the source of flow, showing that
hydrodynamic conditions exist. The surface formed by water levels in wells
tapping an aquifer that is confined by an aquiclude or aquitard is a piezo-
metric or potentiometric surface, which can be shown with a profile (Fig-
ure 2-22) or a contour map. The fluid potential at a point in an aquifer is
defined as (Hubbert, 1952):

1

gz + & (2-8)

¢ 0

where & = fluid potential
g = gravitational constant
p = fluid pressure
o = fluid density

z = elevation at the point of pressure measurement relative
to a selected datum (usually sea level).

If both sides of Equation 2-8 are divided by g, the gravitational constant,
then the fluid potential is expressed as elevation, and the basis for the
validity of using measured water levels to define the potentiometric surface
is shown. Equation 2-8 is necessary because pressure measurements are usually
made in wells of the type used for injection rather than water level measure-
ments, as is common in water wells. Pressure is then converted to potential
in feet and added to the elevation of the measurement point to obtain total
potential .

Figure 7-23 is a potentiometric map of the sequence of Ordovician aqe
strata in the mid-continent arca. The upper portion of the Arbuckle Group 1s
included in this unit. Lines drawn perpendicular to cquipotential Tine< indi-

rate the divection of fluid flow, which 1o ahown by arenwe in Digure 2-23
While the Sdgniticance of parta of Digure Z-03 s not certain, an o important
fart that can be obtained from the —ap tnoofar as waste intection 15 con-
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NATIONAL PETROLEUM COUNCIL STUDY !

FUTURE PETROLEUM PROVINCES
OF THE UNITED STATES
MID-CONTINENT (AREA 7)
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FIGURE 2-23. POTENTIOMETRIC SURFACE MAP OF CRDOVICIAN
AGE ROCKS IN THE MID-CONTINENT AREA (LARSON,
1971) .



not one in which wastewater injection into Ordovician rocks is 1ikely to be
practiced in any case, because of the great depth at which these rocks occur
in that area. The calculation of flow rates from potentiometric maps is
covered in Chapter 4.

Subsurface Resources

It is the goal of both regulatory agencies and well operators to prevent
Jeopardizing fresh ground water, oil or gas, coal, and other subsurface re-
sources. Therefore, the occurrence and distribution of all significant sub-
surface resources must be determined. This determination is made by refer-
ence to published reports and by consultation with public officials, companies,
and individuals familiar with subsurface resources of the area. Also, the
actual drilling of the well will show the location and nature of resources
present in the subsurface at the well site.

In reviewing the occurrence of subsurface resources, the locations,
construction, use, and ownership of all welis, both shallow and deep within
the area of influence of the injection well should be determined. The plug-
ging record for all abandoned deep wells should be obtained to verify the
adequacy of such plugging. In states where o0il has been produced for many
years there are often areas where wells are known to have been drilled, but
for which no records are available, and there are also wells which are Toca-
ted but for which plugging records are not available or for which plugging
is known to have been inadequate. Documenting the status of deep wells near
the injection well may be the most important step in site evaluation for in-
Jjection wells in areas that are or have been active oil or gas provinces.
These wells provide the greatest hazard for escape of wastewater or formation
water from otherwise well-confined aquifers.
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CHAPTER 3

ACQUISITION AND USE OF GEOLOGIC
AND HYDROLOGIC DATA FOR INJECTION WELL SITE EVALUATION

In order to predict the performance of injection wells and their effects
on the environment, the types of information described in Chapter 2 must be
estimated prior to well construction,and the actual geologic characteristics
and values for rock and fluid properties determined during well construction
and testing.

After the geologic and engineering data are obtained, they may be eval-
uated qualitatively by experienced technicians or they may be used in calcu-
lations to predict the probable performance of a well constructed at the site.
Examples of such calculations are given in the latter part of the chapter.

DATA OBTAINABLE FROM EXISTING
SOURCES PRIOR TO DRILLING

Prior to drilling an injection well, the geologic and engineering
data needed for site evaluation are obtained from sources such as are shown
in the figures and tables presented in Chapter 2. The information in those
figures and tables has, of course, come from geological surveys, geophysical
surveys, previously drilled wells, etc.; if it has not been compiled
in usable form on maps, cross sections, tables, etc., then this may be neces-
sary. Basic information for previously drilled wells is available in most
states through state geological surveys, state o0il and gas agencies, state
water resources agencies,and some universities. States with notable o0il
and gas production are particularly good sources. In addition, private com-
panies in the petroleum industry acquire and sell well logs, other subsur-
face data,and services. In some cases it may be feasible to go to individual
o1l companies or consultants for subsurface data that are not publicly avail-
able. Companies and individuals are usually cooperative in releasing infor-
mation that is not considered confidential.

It is possible to obtain considerable original subsurface geological
information without drilling by the use of surface geophysical methods, in-
cluding seismic, gravity, magnetic, and electrical surveys. However, because
of the nature of the data that can be obtained and its cost, it can be anti-
cipated that surface geophysical surveys will not be widely used for injection
well site studies. For this reason surface geophysical methods will not be
discussed further here. A popular introductory text that describes the avail-
able geophysical survey methods has been written by Dobrin {1976).
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DATA OBTAINABLE DURING WELL CONSTRUCTION AND TESTING

Rock Samples

Most deep wells drilled today are drilled by rotary drilling rigs.
Rotary drilling rigs use two basic types of drilling bits: rock bits and core
bits.

Rock bits grind the strata into small chips (commonly 1/8 in. - 1/2 in.
across) that are usually carried from the hole by a viscous drilling mud,
but sometimes by water or air. The chips are periodically collected, usually
after each five or ten feet of new hole, washed, and examined with a low-
power, binocular microscope. The methods for collection, examination, and
description of such samples are presented in a reference edited by Haun and
LeRoy (1958). Soft, unconsolidated clays will not yield chips, but will
break down into mud while unconsolidated or soft sandstones will break down
into individual grains when drilled. Samples are of only small value when
drilling such rocks. Table 3-1 is the lithologic description of cuttings
from one depth interval obtained during the drilling of an injection well in
Alabama. The sampling interval in this case was 30 feet.

Core bits are open in the center so that, as the bit moves downward,
a cylindrical plug of rock is cut and remains. This plug rises inside a
hollow tube or core barrel in which it is held and raised to the surface.
Cores from wells of the type under discussion range in size from about 1 to
5 inches, but the most common diameter is 3 1/2 inches. The length of inter-
val that can be cored at one time depends on the length of the core barrel,
which ranges from 20 to 90 feet. Cores are usually taken only from intervals
of interest for injection or confinement because coring is generally much
more expensive than driliing with a rock bit.

Cores are taken because they yield geologic and engineering information
not otherwise available. Fractures, bedding features, solution cavities and
other characteristics can be seen, and laboratory measurements of porosity,
permeability, and other engineering properties can be made. Figures 3-1a
to 3-1c show some of the geologic features visible in cores. Fiqure 3-2 is
a photograph of a piece of whole core (3 1/2 in. diameter) from a sandstone
reservoir. Vertical and horizontal plugs (1 in. diameter) have been cut from
the core for porosity and permeability analysis. Plugs are taken as often
as every foot to obtain accurate average values for the entire core. Some-
times pieces of whole core are tested, particularly in the case of limestones
with solution channels or confining beds with very low permeability. Pro-
cedures for core handling and analysis have been recommended by the American
Petroleum Institute (1960). Geological descriptions of cores are prepared
similarly to those for cuttings, but since a continuous sample of the forma-
tion is available, much more detail can be included. Table 3-¥ <hows typical
laboratory data obtained frowm a 30-foot core taken from the Mt Sinon Formoe-
tion in ITHhinois,

Formations of unconsolidated sand or soft shale are Adifficult to cure
with rotary dealling equipment.  In formations of thic tvpe cadewall cores

can b taben by g o device caveyving hollow cyvlindeiea] babiec that e D!



TABLE 3-1. EXAMPLE OF DESCRIPTIONS OF DRILLING

CUTTINGS

OBTAINED FROM ABOVE AND AT

THE TOP OF THE WILCOX GROUP IN A
WASTE INJECTION WELL IN ALABAMA
(TUCKER AND KIDD, 1973).

Stauffer Chemical Company D.W.

SW1/4 sec. 7, T. 1 S., R. 1 E.

(N along W Tine 2056.3 ft then
Mobile County, Alabama

#1 GSA #3374
Elev. 29.9 ft. GL
E 868.2 ft) 41.4 ft. DF

Samples collected at 10-foot intervals beginning at 40 feet, changing to 30-

foot intervals at 70 feet.

2,440-2,470-Ctgs:

2,470-2,500-Ctgs:

Wilcox Group?-Sample top

2,500-2,530-Ctgs:

2,500-2,530-Ctgs:

Claystone, 1ight-bluish-gray and some light
olive-gray and very light yellowish gray, sili-
ceous, glauconitic, micaceous, trace pyrite,
microfossils; shale, 1ight-olive-gray and
1ight-greenish-gray; sand, colorless to pale-
yellowish-orange, fine to very coarse, subang-
ular to rounded, quartzose, glauconitic; Time-
stone, brownish-gray, indurated, sandy, quartz-
ose, glauconitic; trace lignite, trace pyrite;
abundant Foram fragments from above; other Time
from above; shell fragments.

Same with increase in greenish-gray shale, san-
dy, micaceous, glauconitic; also increase in
brown Timestone and shell fragments.

Sandstone, light-olive-gray, calcareous cement,
very fine to medium grained, predominantly
fine, quartzose, glauconitic; sandy limestone,
yellowish-gray, fine-grained, quartzose, glau-
conitic; shale, greenish-gray to light-olive-
gray, sandy, micaceous, calcareous in part;
sand, colorless to very light gray, very fine
to medium, fine predominant, subangular to
rounded, quartzose, glauconitic, micaceous;
Timestone, brownish-gray, indurated, sandy,
quartzose, glauconitic; shell fragments,

Foram fragments; trace pyrite.

Same; predominantly sandstone and sandy Time-
stone with some sandy shale.
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FIGURE 3-1. PHOTOGRAPHS OF CORES
£S5, SOLUTION CHANNELS, AND VUGS IN DOLOMITE, (b) FOSSILIFEROUS LIMESTONE.

e
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FIGURE 3-1. PHOTOGRAPH OF CORE

(c) LIMESTONE WITH REPLACEMENT OF FOSSILS AND FILLING OF FRACTURES
BY CALCITE CRYSTALS.
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WHOLE CORE OF MT. SIMON SANDSTONE FROM Wil
VERTICAL AND HORIZONTAL PLUGS HAVE BEEN CuT



TABLE 3-2. LABORATORY CORE ANALYSIS DATA FROM THE

MT. SIMON FORMATION IN ILLINOISA

dMt. Simon Core No. 15 3148.0 - 3178.0

Permeability

Sample Depth (millidarcys) Porosity

Number (feet) Horizontal Vertical (percent)
408 3154.5 6.9 0.11 6.4
409 3155.5 <0.10 0.17 6.4
410 3156.6 <0.10 <0.10 9.7
411 3157.5 0.17 0.31 8.6
4172 3158.5 0.26 0.72 8.3
413 3159.5 <0.10 <0.10 8.1
414 3160.5 1.9 0.12 9.6
415 3161.5 <0.10 <0.10 8.7
416 3162.5 2.3 0.98 8.1
417 3163.5 0.43 0.46 6.2
418 3164 .5 12. 0.12 8.2
419 3165.5 3.1 1.1 14.7
420 3166.5 0.3 0.44 10.7
421 3167.5 7.8 0.79 10.0
42?2 3168.5 8.5 5.4 9.9
423 3165.5 5.0 3.2 7.2
424 3170.5 6.2 3.6 6.9
425 3171.5 3.4 1.2 8.3
426 3172.5 10. 2.5 12.2
427 3173.5 1.4 0.46 8.9
428 3174.5 11. 2.0 8.0
429 3175.5 8.5 1.5 8.2
430 3176.5 2.6 0.91 7.7
431 3177.5 0.74 <0.10 5.9

Note:
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into the borehole on a cable. When the sidewall sampler is in position, the
bullets are fired into the borehole walls. The bullet and its contained sam-
ple remain attached to the sampler by two heavy wires and are retrieved by
pulling the bullet from the borehole wall. The samples are normally 7/8 in.
to 1 3/4 in. in diameter and 1 in. to 1 3/4 in. long. Up to 30 samples can

be taken by a single gun. Samples can also be taken in hard formations by
this type of sidewall device, but better results have been obtained by using

a sidewall diamond core slicer that cuts a triangular core one inch in depth
and three feet Tong. Sidewall cores can be taken when it is desired to sample
intervals not cored during drilling.

Formation Fluid Samples

Samples of water from subsurface formations can be obtained from deep
wells, before they are completed, by use of formation testing devices, by
swabbing, and by gaslift. At times formation pressures will bring water to
the surface from artesian aquifers.

Drill-stem testing is a technique whereby a zone in an open borehole is
isolated by an expandable packer or packers and fluid from the formation al-
lowed to flow through a valve into the drill pipe. See the section on Drill-
Stem Testing on Page 89.

The basic drill-stem test tool assembly is normally attached to the
lower part of a string of drill pipe and consists of:

1. A rubber packing element or packer which can be expanded
against the hole to segregate the annular sections above
and below the element.

2. A tester valve to (a) control flow into the drill pipe,
that is, to exclude mud during entry into the hole and
(b) to allow formation fluids to enter during the test;
an equalizing or bypass valve to allow pressure equali-
zation across the packer(s) after completion of the flow
test; and pressure recording equipment.

Figure 3-3 illustrates the procedure for testing the bottom section of
a hole. While going in the hole, the packer is collapsed, allowing the dis-
placed mud to rise as shown by the arrows (a). After the pipe reaches bottom
and the necessary surface preparations have been made, the packer is set {com-
pressed and expanded); this isolates the lower zone from the rest of the open
hole (b). The compressive load is furnished by slacking off the de<ired
amount of drill string weight, which is transferred to the anchor pipe below
the packer.

The tester valve is then opened and the icolated section 1o exposed to
the low pres<ure inside the empty, or nearly crpty, drill pipe. FTormation
fluids can then center the pipe, as shown in the second picture (b).  The
Cime during which fluids are entering the drill stem testing tool da called
the flow period.  After the flow period, the cdoced in pressure valve o chd

and the fornation proeosure allowed to b DD bk o fo o Ty bt e

;
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FLUID PASSAGE DIAGRAM FOR A CONVENTIONAL
OPEN-HOLE, SINGLE-PACKER, DRILL-STEM TEST
(EDWARDS AND WINN, 1974).
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pressure test, the flow period and closed-in period are repeated. After the
final closed-in period, the tester valve is closed in order to trap any fluid
above it, and the bypass valve is opened to equalize the pressure across the
packer (d). Finally, the setting weight is taken off and the packer is pulled
free. The fluid in the drill pipe may then be circulated out to the surface as
shown in (e), or the reverse circulating step may be bypassed and the pipe
pulled from the hole until the fluid-containing section reaches the surface (f).
As each successive pipe section is removed, its fluid content may be examined.

Although the test described above is a common type, there are variations
of this procedure, two of which are shown in Figure 3-4. The straddle packer
test is necessary when isolation from formations both above and below the test
zone is necessary. Such a situation commonly arises when it is desired to
test a zone previously passed by. The second common variation utilizes per-
forations in casing (Fiqure 3-4).

Tests through perforations are necessary when itis desired to check a zone
that has been cased-off without testing or in order to retest a zone after
casing has been emplaced.

Formation testing devices are also available which can be Towered into
the borehole on a wire line rather than on a drill pipe. In this case, the
sample is Timited to the amount that can be contained in the testing device
(up to about 5 gallons).

Swabbing is a method of producing fluid similar to pumping a well. In
swabbing, fluid is Tlifted from the borehole through drill pipe, casing, or
tubing by a swab that falls freely downward through the pipe and its contained
fluid, but which seats against the pipe walls on the up-stroke, drawing a vol-
ume of fluid above it as it is raised. Swabbing is preferable to drill-stem
testing where unconsolidated formations cause testing to be difficult. Swabbing
may also be used in conjunction with drill-stem testing to increase the volume
of fluid obtained. The advantage of swabbing is that it can be continued unti
all drilling mud has been drawn from the pipe, thus allowing the chemistry of
the formation water sampled to reach a steady state. This procedure helps to
insure that a representative sample of formation water is obtained.

Fluid samples can be obtained by injecting gas under pressure into a
well. The pressure of gas forces the fluids in the well to rise to the sur-
face, thus the name gas-1ift sampling.

dell Logs

Individuals have different concepts of what is meant by a horehole or
well Tog, because of the variety of types of logs that are uycsed. 1t is prob-

ably hest to consider a log as any tabular record or araphical portrayal of
drilling conditions or subsurface features observed 1n o borehole.  This s
consistent with the Glossary of Geolony (American Geolocivel Institute, 1976)
inowhich one accented definition of o log 19 "the reoond of formaticns nene

trated, drilling progress, rocord of depth of water, cii, oo, or other min-
erale, the record of size and Tenath of pipe used, and otner weitten ar roe-

bl |

corced facts having tao doowita dedil i gowel
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One possible classification of the general types of logs would be:

Sample (cuttings and core) logs
Driller's logs

Drilling time logs

Mud logs

Geophysical Tlogs

A. Electrical logs

B. Elastic wave logs

C. Radiation logs

D. Other

6. Miscellaneous logs

Caliper logs

Dipmeter logs

Deviation logs
Production-injection logs

G H WM -

OO0 I

Sample Logs --

Sample logs are prepared from rock cuttings and cores as discussed
above. The tabulated descriptions themselves form a log and they are often
used to prepare a visual strip log or columnar section as shown in Figure 2-1.

Driller's Logs --

In the early days of drilling, the driller's log was the principal well
record kept. It recorded the types of formations encountered, any pertinent
fluid flows or o0il and gas shows observed, and other related operational re-
marks. While these records appear crude by present standards, they were con-
sidered to be very informative at the time. Such logs are still frequently
encountered as the only available source of data in old areas. The geologic
descriptions of various formations may be quite colorful and full of expres-
sions unique to either or both the particular area and driller involved.

The current rotary driller's log is filled out daily by each driller as
a record of the operations, materials used, and progress which occurred during
his working hours (tour). It is largely used to inform office personnel of
daily occurrences, to provide operational data, and to serve as a legal record
of the contractor's compliance with the operator's instructions as set forth
in their agreement or contract. The hourly breakdown of time spent on various
operations is also used to compute the amount of the contractor's invoice.
Ordinarily, the rock formation type (such as sand, shale, lime, etc.) is the
only geological information recorded, if any.

Driller's logs can be very important in determining the source of prob-
lems that occur later during well operation and in resclving uncertainties
with reqgard to exactly how subsurface facilities are installed. Table 3-3
summarizes a part of the construction history of the Reichold Chemicals Incor-

T, I P M RN ITN . e ~ 1o
vorated well as nrepared from driller's logs.



TABLE 3-3. PORTION OF THE CONSTRUCTION HISTORY OF

THE REICHOLD CHEMICALS INCORPORATED WELL,
ALABAMA (TUCKER AND KIDD, 1973)

Drilling Engineer's Log
Reichold Chemicals, Incorporated
Reichold Research Waste Disposal Well No. 1
Holt, Tuscaloosa County, Alabama

5-28-70:

5-29-70:

5-30-70:

Spudded 4:00 p.m.

8:00 a.m.-drilling 20-inch conductor hole at 40 feet.

9:00 a.m.-shut down and repair rig.

8:30 p.m.-resumed drilling. Drilled for 6 hours 20-inch conductor
hole at 68 feet.

8:00 a.m.-shut down to repair rig.

8:00 a.m. to 3:00 p.m.-repair rig. Work on swivel, replace belts on
pump and re-align, take air chamber off of rig pump, and replace
gasket. Drain mud tanks and refill with city water. Welding on

rig.

3:00 p.m. to 4:00 p.m.-drilling 20-inch hole to 73 feet.

4:00 p.m. to 8:00 p.m.-repairing rig.

8:00 p.m. to 9:00 p.m.-cut off 24-inch casing and prepare to run 16-
inch casing.

9:00 p.m.-running 16-inch casing. Hit bridge. Rig up swage to wash
down

11:00 p.m.-Halliburton on location.

11:30 p.m.-unable to wash and work casing past 34 feet. Pulled 16-
inch casing out of hole. Went in hole with bit.

12:15 a.m.-reaming 20-inch hoTe.

7:00 a.m. to 10:00 a.m.-running 16-inch casing. Hit tight spot at
45 feet. Could not work casing past that point.

10:30 a.m.-rigged up Halliburton. Began reaming and pumping cement
at 11:20 a.m. Ran 45.65 feet of 16-inch H-40 65 1b/ft. casing.
Cemented with 75 sacks of Portland/A cement and 75 sacks of Pozmic A
cement with 2% calcium chloride. Plug down at 12:00 noon with re-
turns to surface.

12:00 p.m. to 8:00 p.m.-waiting on cement.

8:00 p.m.-cut 16~inch casing and nippled up flow lines to pits.
11:00 p.m. to 12:30 a.m. (5-30-70)-drilling cement and washing to
bottom of hole.

12:30 a.m. to 11:00 a.m.-drilling 13 3/4-inch hole.

11:00 a.m.-jet pits and fill same with fresh water.

12:30 p.m. to 8:00 p.m.-drilling 13 3/4-inch hole at 114 feet.

3:00 p.m. to 9:00 p.m.-drilling 13 3/4-inch hole. Ran Straight Hole
Test. Hole deviation 7 degrees.

9:00 p.m.-pulled out of hole. Laid down 2 stabilizers and near bit
reamers. Pick up string reamer and 9 3/8-inch bit.
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Drilling Time Logs --

A drilling time log is often kept by the driller when hole depth ap-
proaches a zone of particular interest. Such a record is quite useful for
precisely locating formations or porous zones. Abrupt changes in drilling
rate will immediately indicate a change in lithology although the cuttings
may not reach the surface for some time.

Mechanical devices which furnish a continuous record of drilling prog-
ress are also in common use. The record obtained is quite accurate and in-
cludes an accounting of all non-drilling time. Two lines are obtained, as
shown in the sample chart of Figure 3-5. The left hand track furnishes the
foot-by-foot drilling rate by recording a diagonal line (to the left and up-
ward) as each foot is drilled. The offsets to the right occur at intervals
of five feet. Non-drilling time is shown by the deflections to the right on
the right hand track. The net drilling time is obtained by subtracting any
non-drilling time from the total interval.

Mud Logs --

Mud logging, as the term is used here, refers to the continuous analysis
of the drilling mud for 0i1 and gas content. This procedure is widely used
in exploratory drilling, and affords an extra tool for detecting the presence
of 01l and gas. In mud Togging, a portion of the drilling mud is diverted
from the return flow line and inspected for the presence of oil and gas. The
instruments used for detecting and measuring the quantities of hydrocarbons
in the mud are commonly contained in a trailer which is set up at the drilling
site.

The discovery of hydrocarbons is not normally an objective when drilling
an injection well; however, in areas where 0il or gas may be present mud Tog-
ging can be employed to decrease the possibility of bypassing these resources
or to avoid the safety hazard that exists in continuing to construct a well
within an open gas-bearing reservoir.

Geophysical Logs --

After a well has been drilled, a variety of logging tools are available
that can be used to produce a record of the geophysical properties of the for-
mations penetrated and their contained fluids. In such logging, a probe is
lowered into a well at the end of a wire cable and measurements made and auto-
matically recorded at the surface. The geophysical properties that are mea-
sured include electrical resistivity and conductivity, ability to transmit and
reflect sonic enerqgy, natural radiocactivity, hydrogen ion content, temperature,
density, etc. These geophy-ical properties are then interpreted in terms of
lithology, porosity, fluid content, and chemistry. Table 3-4 lists many cur-
rent geophysical well logging methods, the propertics they peasure, and their
oractical applications.
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FIGURE 3-5.

A Line in drilling operations column

moves to the left indicating that
driller got on bottom with new bit and
started drilling at 11:26. Total trip time,
as indicated by “Trip Action”, 3 hours
and 17 minutes.

This is the way a connection looks

on the Geolograph chart. The drill-
er raised the drill pipe from bottom at
12:03, broke out the kelly, picked up a
single pipe (adding it to the drilling
string), picked up the kelly and resumed
drilling. This operation required 11 min-
utes, and the driller has written the
depth of the hole, at that time, on the
chart. Thus, every connection is a con-
venient datum for determining the depth
of any drilling or down-time break,
either immediately above or below.

C A 4-foot hard streak was encount-

ered at 5,235 feet, as indicated hy
the increased spacing of the foot marks
on this time chart.

A connection was made at 5.259

feet and a vertical test was run at
this point to determine the vertical devi-
ation of the hole. The driller has noted
on the chart that the test was actually
taken at 5,250 feet and the deviation was
¥ degree. The vertical test and connec-
tion required 34 minutes,

E Soft bed was drilled from 5,266 to

5,269 feet. Because of the thinness
of this bed, no core or drill stem test
was attempted.

This section represents 5 feet of

drilling. Note that everv 3 feet the
base line is offset for 1 foot, making a
convenient marker for determining the
depth of significant drilling changes.

G

Connection was made at 5,287 feet.
Note similarity to the record at “B”".

H A hard streak was encountered
from 35,288 to 5290 feet.

l At 5,290 feet, the formation soft-

ened, drilling continued to 3,300
feet where the driller was given orders
to cease drilling and circulate for
samples.

J Circulating for samples started at

6:39 as indicated by movement of
the line to the right. After circulating
for 35 minutes, samples showed stain
and odor, and a drill stem test was
ordered.

5257

be 737
/2" 5250

Sorr 3266—67

; ARD

| Sor7 S290

CrarT No

TYPICAL MECHANICAL DRILLING LOG RECORD

(GATLIN, 1960, P. 196).
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TABLE 3-4. GEOPHYSICAL WELL LOGGING METHODS AND THEIR
APPLICATIONS (MODIFIED AFTER JENNINGS AND
TIMUR, 1973).

Me thod Property Application
Spontaneous Electrochemical and | Formation water resistivity
Potential (SP) electrokinetic (R,); shales and nonshales;

potentials beg thickness; shaliness
Nonfocused ' Resistivity a. MWater and gas/oil satura-
Electric Log tion

b. Porosity of water zones

c. Ry, 1n zones of known
porosity

d. True resistivity of for-

i mation (R.)

| e. Resistivity of invaded

- , zone
S )
—} Focused Resistivity L a,b,c,d
= Conductivity ! [ Very good for estimating R.
@ Log ] | in either freshwater or oil
o ‘ | base mud
) !
! . .. t
Focused 1 Resistivity | a,b,c,d
i Resistivity , + Especially good for determin-
I Logs ; + ing R. of thin beds
I | i
| .
: ? Depth of Invasion
. Focused and ! Resistivity + Resistivity of the flushed
. Nonfocused ‘  zone (Ry,) for calculating
Microresistivity ' pososity
Logs '
Bed thickness
Transmission ~ Compressional and - Porosity; lithology: elastic
' shear wave properties, bulk and nore
. veilocities compressibilities
<o - Conpressional and Location of fractures;
e wave attenuations coment hond quality
Hef e o Acoliude of oeartioe of wuas, o ture
reflocted wave: ardentataon of feactures

et bhoondaries s casing in
DRRTEN t 1‘< N

S e ‘




TABLE 3-4. (CONTINUED)
Method Property Application
Gamma Ray Natural radioactivity | Shales and nonshales; shali-
ness
Spectral Natural radioactivity | Lithologic identification
Gamma Ray

Gamma - Gamma

Bulk density

Porosity, 1ithology

Temperature Log

Temperature

= Neutron-Gamma Hydrogen content Porosity
Eg Neutron~Thermal Hydrogen content Porosity; gas from liquid
a |Neutron
<
a4
Neutron-Epither- | Hydrogen content Porosity; gas from liquid
mal Neutron 1
|
Pulsed Neutron Decay rate of thermal | Water and gas/oil saturationsy
Capture neutrons reevaluation of old wells |
Spectral Neutron | Induced gamma ray Location of hydrocarbons;
spectra Tithology ‘
Gravity Meter Density Formation density
|
Ultra-Long Spaced | Resistivity Salt flank Tocation |
Electric Log
o~ |Nuclear Magnetism | Amount of free hydro- |Effective porosity and
L gen; relaxation rate |permeability of sands; pocro-
i of hydrogen sity for carbonates

Formation temperature

80



Violocity
T ISITES
indor
Sejsroardm
v R
1ted Densi

Log

vnd GEOPHYSICAL WELL LOGGING SERVICES AVAILABLE FROM THREE

MPANTES PROVIDING WELL LOGGING SERVICES.

EQUIVALENT TYPE

WFS ARE LISTED ON THE SAME LINE ACROSS THE TABLE.

PCU LT U

\
T
{
i
|
!
i

- Dual Induction Laterolog

| BHC Soni
- Amplitude Log

- Variable Density Log

' Induction Electrical Log

~ COMPANY L
SCHLUMBERGER DRESSER - ATLAS
Electrical Log Electrolog

Laterolog -3, Laterolog -7

M';ﬁm Tanm
HM1Croiog

Microlaterolog
Proximity Log

Sonic Log

A N aYel
Il anic LOg

Induction Electrolog

Dual Induction Focused Log
Laterolog

Minilog
Micro-Laterolog

Proximity Log

Acoustilog

QU Arnrictitan
DIV ALUUS LT ITVY
Fraclog

Variable Amplitude Density Log

+ Formation Density Log Densilog
Cammameadtrad Cavmmadsan Nanme 34+ Ffamnancatand Nanctd TAan
LvolipeEnsa il rurtiativon vens iy Lvulhperisa Lty vElis i 1y
Log
Gamma Rav-Neutron Loag Jamma Rav-Neutron lLoa
amma xay-Neuiron LOog Gamma Kay eutron LOg
SND Nati+van | nn Fnithevrmal Qideowall lniitvron | na
‘),,r J‘y;UALAI__\,J.L‘_“_-_Uﬂ_ e . L}J T LiIcCE Ha PO A R wy 4 SO S B ) [A ARV IRVERR VA N} I_Ui




available logging methods is so great, those used in logging a well must be
carefully selected to provide the desired information at an acceptable cost.
Local practice in the particular geographic area is a valuable guide, since
it represents the cumulative experience obtained from logging many wells.
Some of the objectives in logging injection wells will generally be the de-
termination of: T1ithology; bed thickness; amount, location and type of poro-
sity; and salinity of formation water. In order to achieve these objectives,
a commonly chosen suite of logs will include a gamma ray log, a focused re-
sistivity log, and one or more porosity measuring logs selected from among
the various radiation and elastic wave logs. Some other frequently used geo-
physical logs include the spontaneous potential (SP) and nonfocused electric
logs, along with miscellaneous logs such as the caliper log and the tempera-
ture log.

Figures 3-5a, 3-6, and 3-7 are intervals from a sonic log, a Laterolog-
gamma ray-neutron log, and a temperature 1og run in a wastewater disposal
well in northern I11linois. On the Laterolog-gamma ray-neutron log, the con-
tact between the Eau Claire Formation and the Mt. Simon Formation is shown
at 3108 feet where it was picked by the I11inois Geological Survey. However,
it is apparent from the gamma ray log that, for engineering purposes, the
shale confining interval terminates at 2900 feet and that sandstones usable
for injection begin at 2900 feet. The combined Mt. Simon Formation and the
sandstones in the lower Eau Claire Formation comprise the Mt. Simon aquifer
or "basal sandstone." From the sonic log, it can be seen that the first sand-
stone interval from 2900 to 2940 feet has an average interval transit time of
about 72 microseconds per foot. Using tables provided by the Togging company
(Schlumberger, 1972a) and a matrix velocity of 19,500 ft/second, the average
porosity of this sandstone body is estimated as 15 percent. The temperature
log shows a temperature of about 83.50 F from 2900 to 2940 feet, and from the
Laterolog (Figure 3-5), the resistivity of this interval is about 40 ohm-met-
ers. From the Archie equation (Schlumberger, 1972) the formation factor F is
45 and the resistivity of the formation water is 0.625 ohm-meters. Figure
3-8 shows that sodium chloride water with a resistivity of 0.625 ohm-meters
has a dissolved solids content of about 8,000 ppm at 83.50 F. Actually, the
formation water salinity is about twice the calculated value because the
Laterolog yields incorrectly high resistivities when run in low-salinity mud,
as is the case here. An induction log would yield more accurate results in
such a situation. This example illustrates some of the principal uses of
borehole geophysical logs in conjunction with the evaluation of geological
conditions in wastewater injection wells. Further uses will be covered in
Chapter 8 on well monitoring. Keys and Brown (1973) give a more complete dis-
cussion and bibliography of the application of borehole geophysical logs to
wastewater injection than is possible here. Other excellent references are
Pirson (1963), Lynch (1962), and Haun and LeRoy (1958).

Miscellaneous Logs --

Among the logs classified here as miscellaneous logs are caliper logs,
which measure borehole diameter; dipmeter logs, which measure the angle of
dip of beds penetrated by the well; deviation logs, which measure the degree
of deviation of the well bore from the vertical; and production-injection
logs.
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The diameter of an uncased well is needed for quantitative use of many
of the geophysical logs and it is also useful in lithologic interpretation
and cement volume calculations. Data from dipmeter surveys assist in inter-
pretation of geologic structure. Deviation of boreholes from the vertical
is undesirable and periodic surveys are made during drilling to check bore-
hole orientation.

Production-injection logs are classified here as those Togs that are
normally run through tubing or casing after the well is completed. Some of
these logs are the same as ones previously listed, but a number of specialized
logs are also used.

The principal uses of production-injection logs are to determine:

1. The physical condition of subsurface facilities
and the borehole

2. The location of production or injection zones

3. The quantity of fluid produced from or injected
into a particular zone

4. The results of wellbore stimulation treatment

Table 3-6 is a list of some production-injection logs that are most sig-
nificant in wastewater injection operations. The function of each of the logs
is also given. Examples of the use of a number of these logs are given in
Chapters 8 and 9. Further description of production-injection Togs can be
found in the Titerature of the companies providing such logging services.

Testing of Injection Units and Confining Intervals

Examination of the records of many of the wastewater injection wells
that have been constructed up to the present time shows that, with few excep-
tions, the maximum amount of usable geologic and engineering information has
not been obtained during the testing of wastewater injection wells. This is
regrettable, because such tests provide the best basis for analyzing reservoir
conditions prior to injection , for predicting the long-term behavior of the
well and the reservoir, for detecting and understanding changes in well per-
formance that may occur during operation, and for analyzing the history of a
well from its records.

The methods for testing pumping or injection wells and the technigues
for analysis of test data arve discussed in numerous textbooks and in hundreds
S other publications concerning qroundwater and petroleur engineering.
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TABLE 3-6. PRODUCTION-INJECTION LOGS MOST USEFUL IN
LOGGING INJECTION WELLS AND THEIR FUNCTION

LOG

FUNCTION

10.

11.

12.

Cement bond

Gamma ray

Neutron

Borehole televiewer

Casing inspection

Flowmeter

High resolution
thermometer

Radioactive tracer

Fluid sampler

Casing collar

Fluid pressure

Casing caliper

Determine extent and effectiveness of
casing cementing

Determine lithology and presence of
radioactive tracers through casing

Determine lithology and porosity through
casing

Provide an image of casing wall or well
bore

Locate corrosion or other casing damage
Locate zones of fluid entry or discharge
and measure contribution of each zone

to total injection or production

Locate zones of fluid entry including
zones behind casing

Determine travel paths of injected fluids
including behind casing

Recover a sample of wellbore fluids

Locate casing collars for accurate
reference

Determine fluid pressure in borehole
at any depth

Locate casing damage
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Because the number of published articles and the scope of their content are
so extensive, only a few selected references are mentioned and a few examples
discussed here to establish the reasons for and methods of well testing.

A well can be tested by pumping from it or injecting into it. Measure-
ments of reservoir pressure or water level can be made during pumping or in-
jection or, alternatively, after pumping or injection has ceased and the re-
servoir is adjusting to its original condition. Furthermore, reservoir pres-
sure or water level can be measured in the principal well or in adjacent
observation wells. Any one of these approaches will yield much of the same
information; however, there are benefits and problems associated with either
injection or pumping tests that should be recognized.

The principal advantage of injection testing is that, since fluids are
to be injected during actual well operation, injection tests are more likely
to replicate operating conditions. Another advantage of injection tests is
that injection pumps are used on the ground surface, whereas pumps for pro-
duction testing will usually be submersible down-hole pumps that are more
time-consuming and expensive to use. Disadvantages of injection testing are
that, unless great care is exercised, the injection interval can be damaged
and the test results affected by reactions of the injected fluid with forma-
tion fluids or minerals. Differences between viscosity, density, or tempera-
ture of interstitial and injected fluids may also affect test results.

Production (pumping) tests avoid the potential for incompatibility be-
tween injected and interstitial fluids and formation minerals, but the prob-
Tem of disposal of the produced formation water then arises. This water can
be reinjected, but chemical, physical, or biological changes often occur when
the water is brought to the surface that require the water to be treated be-
fore it is returned to the subsurface.

Drill-Stem Testing --

In the case of the usual deep and rather expensive wastewater injection
well, there will be no observation well and testing will be in the well it-
self. In the sequence of well construction and testing, the first type of
formation test that is likely to be made is the drill-stem test (DST). As
has previously been mentioned on Page 71, this test is analogous to a pumping
test of limited duration. Quantitative analysis is usually made using data
obtained during the period of pressure buildup {closed-in-period) following
the period in which the reservoir is allowed to flow.

Figure 3-9a is a schematic DST pressure record, with a description of
the sequence of events in a successful test with a single flow period. [igquye
3-9b is a schematic representation of a test in which no fluid was produced.
Conditions that may be encountered in a DST are widely variable and consid-
erable experience may be reguired in order to intorneet an unusual test, The
companies that provide the teoting services also provide assistance in test
mmterpretation,
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Putting water cushion in drill pipe

Running in hole

Hydrostatic pressure (weight of mud column)

Squeeze created by setting packer

Opened tester, releasing pressure below packer

Flow period, test zone producing into drill pipe

Shut in pressure, tester closed immediately above packer
Equalizing hydrostatic pressure below packer

Released packer

Pulling out of hole

FIGURE 3-9a. NORMAL SEQUENCE OF EVENTS AS RECORDED ON THE CHART
DURING A SUCCESSFUL DRILL-STEM TEST (KIRKPATRICK, 1954).
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Squeeze created by setting packer

Opened tester, releasing pressure below packer
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Pulled packer loose

Pulling out of hole

FIGURE 3-9b. SEQUENCE OF EVENTS AS RECORDED DURING A DRILL-STEM
TEST WHEN NO FLUIDS WERE PRODUCED (KIRKPATRICK, 1954).



Figure 3-10, the graph at the top of the figure is the record of a DST with
dual flow and closed-in periods. The abbreviation ICIP signifies the initial
closed-in-period, FFP the final flow period, and FCIP, the final closed-in-
period. The data for both closed-in periods are plotted, as is shown in the
figure for the final period. The vertical axis of the plot is pressure, as
taken from the DST record, in psi. The horizontal axis is a plot of the log-
arithm of time during a flow period plus time during the closed-in period

(t + o), divided by time during the shut in period (o). When this plot is
extrapolated to infinite time, (t + ©)/0 = 1 (the logarithm of one is zero)
the intersection of the straight line, drawn through the data points, with the
vertical axis is interpreted as being the original reservoir pressure or sta-
tic formation pressure (Pg). The slope of the line (m) is the pressure dif-
ference for one log cycle (PS - P]O)- A series of calculations of formation
properties is then made.

The important properties that are routinely calculated are:

Static formation pressure
Transmissivity

Average effective permeability
Damage ratio

Radius of investigation.

i W —

The static formation pressure as determined from a successful test is
assumed to closely represent the original formation pressure at the elevation
of the pressure recording device. Transmissivity is average hydraulic con-
ductivity multiplied by the thickness of the test interval. The damage ratio
is an indication of the amount of plugging of pores in the formation during
drilling of the well. 1In addition to this routine information, drill-stem
tests may indicate the presence of and distance to nearby faults or facies
changes that act as barriers to flow or channels for rapid flow.

For detailed presentations of drill-stem test analysis, the reader
is referred to Gatlin (1960), Lynch (1962), Matthews and Russel (1967) and
Pirson (1963). Also, literature such as that by Murphy (undated) and Edwards
and Winn (1974) is readily available from companies that provide drill-stem
testing services.

As an example of DST analysis, data from one closed-in period obtained
during testing of the Mt. Simon Formation in a well in Ohio were selected.
Figure 3-11 is a plot of the pressure buildup data for that test. Extrapo-
lation of the data to the Togarithm of (t + ©)/0 = 0 shows that the static
formation pressure (PS) is 2750 psig. The gauge was at a depth of 5886 feet
in the well, so the fluid pressure gradient is 0.467 psi per foot of depth.

For the remaining calculations, the following additional values from the
test are needed (see any of the above references):

1]

P¢ = pressure at the end of the final flow period = 1061 psig

1]

t flow time = 62 min
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FIGURE 3-11. PLOT OF EXTRAPOLATED PRESSURE FROM
DRILL- STEM TEST DATA FROM AN INJECTION
WELL IN OHIO.

07

0.8



m = PS - Pyg = 163 psi per log cycle
Q = average flow rate = 347 bbl/day
u = water viscosity = 1.065 centipoise
b = formation thickness = 105 ft.
Then,
T = transmissivity = 162.6 Q9 (millidarcy- (3-1)
ft/centipoise)
K = average permeability = Tv  (millidarcys) (3-2)

b
0.183 (P - Py)

m

DR = damage ratio = (dimensionless)  (3-3)

r = radius of investigation = (Kt)]/z (feet) (3-4)

The transmissivity is computed to be 346 millidarcy-ft/centipoise, the
average permeability 3.5 millidarcys, the damage ratio 1.9, and the radius
of investigation 14.7 ft. These calculations reveal that the Mt. Simon For-
mation at this location has a very low capacity to accept injected fluids.
The capacity could theoretically be improved nearly 100 percent by removing
formation damage; reservoir stimulation by hydraulic fracturing would also
help, but the reservoir is not promising. No hydrologic boundaries were en-
countered within the radius of investigation, which was only about 15 feet.
Further well testing and core analysis results to confirm these findings are
discussed in the material that follows.

Injectivity Testing --

After an injection well has been drilled and possible injection inter-
vals identified by coring, by geophysical logging, and by drill stem testing,
injection tests wiil usually be run. For initial injection testing, truck-
mounted pumps are often rented and treated water used for injection rather
than wastewater. Frequently, more than one possible injection interval is
present and tests are performed on the intervals individually or on more than
one at a time. The common practice when performing an injection test is to
begin injection at a fraction of the final estimated rate, to inject at this
rate for at least several hours, then to repeat this process at increasinaly
greater rates until a limiting rate or pressure is reached. Injection is
then stopped and the reservoir allowed to return to its original pressure
state.  Pressures may or may not be recorded during this fall-off period,

Regardless of the sequence in which a test 1o peritormed, tf preasre,

Lime, and flow data are accurately recorded, and if the test v run long
cnough, 1t is theoretically possible to analyze the test. However, simpler
tests tend to produce sippler and more veliable intevpretotion, . Tests Do
Farred oo core fhan ope dntorval oot e e ot oty b
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interpret and should be avoided if possible or alternately, both single and
multiple zone tests should be performed.

Figure 3-12 is a plot of the data from a constant-rate injectivity test
of the Mt. Simon Formation. The test was run at a rate of 75 gal/min for
about 25 hours. To obtain a value of transmissivity, Equation 3-1 can be
used, in which case, the result will be in millidarcy - ft/cp, as follows:

T = (162.6) (2571.4 bbl/day) = 452 millidarcy - ft/centipoise
925 psi/log cycle

Alternately, a nonunitized equation can be used and the constant ad-
justed to give transmissivity in any desired set of units. Equation 3-1 in
nonunitized form is (Ferris, et al., 1962; Kruseman and De Ridder, 1970;
Lohman, 1972):

. 2.3Q 2 !
T= 5 [Le/t] (3-5)
If, for example, it is desired to obtain the answer in ftz/day, then
the set-up would be:

7= {2.3) (14,437 ft¥day) - 1 33 £t%/day
(4w) (1981 ft/log cycle)

This test was run on the same well for which the drill stem test analy-
sis was given, but the well bore was cleaned up and acidized before the in-
jectivity test, thus apparently leading to a slightly higher transmissivity
(452 millidarcy-ft/cp as compared with 346 millidarcy-ft/cp.).

The injectivity test can further be used to determine the formation
storage coefficient from (Ferris, et. al., 1962; Kruseman and DeRidder;
Lohman, 1972).

2.25 Tt
S = — [dimensionless] (3-6)
r

where

T

formation transmissivity

t, = intercept of extrapolated test curve with time axis

1

r = effective radius of well bore

Equation 3-6 is nonunitized. Unitized for ft¢/day, minutes, and
ft, it becomes:
Tty ) )
S = [dimensionless] (3-7)
640 12
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From Figure 3-12, t; = 13.2 minutes and:

s = 1.33 ftz/day (13.2 min) = 0.175
(640) (0.396 ft)¢

As was discussed in Chapter 2, storage coefficient values for confined
aquifers are generally at least three orders of magnitude lower than the cal-
culated value of 0.175. It is believed that the unreasonable answer results
from the fact that the well was hydraulically fractured during an eariier in-
jection test, leading to a larger effective well radius. This is one of the
problems encountered in determining reservoir properties using a single well.
If an observation well existed, this difficulty would be eliminated. For this
well, a more reasonable value of the storage coefficient can be obtained by
using Equation 2-6 as was demonstrated in Chapter 2.

Another form of reservoir analysis that employs curve matching can also
be used. A detailed explanation of this procedure is given by Ferris, et. al.
(1962) ; Kruseman and DeRidder (1970) and Lohman (1972). Wilson et. al. (1973)
applied curve matching to data from an injection well at Mulberry, Florida.
The most interesting aspect of the example presented by Wilson et. al. (1973)
was that it appeared to show an observable amount of leakage through confining
beds. Witherspoon and Neuman (1972) discuss the theory and procedure for
analysis of leaky confining beds and give two field examples from gas storage
projects.

Predicting Effects of Injection

One purpose of obtaining all of the many types of geologic and engineer-
ing information that have previously been discussed here and in Chapter 2 is
to allow quantitative or semiquantitative estimates to be made of the effects
of injection on the subsurface environment. These calculated effects are then
used, along with all other information, as criteria in evaluating site suita-
bility and in developing operating and monitoring plans.

Wastewater Transport by Regional Flow --

A frequently asked question is, How far will injected fluids be trans-
ported from the injection site by the natural flow system? An estimate of
this can be made from Darcy's law (Equations 2-2, 2-3, 2-4).

Examples of such a calculation will be given for the Mt. Simon Formation
in Ohio and for the lower Floridan aquifer in Florida. Figure 3-13 shows
that, at the location of the Empire-Reeves injection well, the hydraulic grad-
ient is about 10 feet per mile toward the northwest. At this location, the
Mt. Simon Formation has an average permeability of 24 millidarcys (from a
drill stem test) and a porosity of 10.4 percent (Clifford, 1973).

Rearranging Darcy's law:

V== [L/T] (3-6)
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{

where v = apparent velocity through entire area A.
Then,

v=Y¥=0 =Kdh (3-7)
o A

¢ ¢ dL

where v = average velocity of flow through pores

¢ = porosity.

In order to use Equation 3-7, permeability must be converted into hy-
draulic conductivity in units consistent with the hydraulic gradient.
Twenty-four millidarcys is equivalent to 0.0585 ft/day or 21.36 ft/yr at
609 F. This value should be adjusted from 60° F to the formation temperature,
but is sufficiently accurate as it is for this estimate. Now, from Equation
3-7:

= 21.36 ft/yr « 10 ft/mile
0.104 5,280 ft/mile

<
|

i

0.39 ft/yr.

This evaluation shows that water in the Mt. Simon Formation in north-
central Ohio is moving northwest at a rate of 0.39 ft/yr. The source of the
hydraulic gradient and the fate of the moving water are not understood. Fur-
thermore, there are complications in the analysis itself, as pointed out by
Bond (1973). However, in spite of such uncertainties, it can be indisputably
concluded that water in the Mt. Simon Formation is moving at a negligible
rate at this location. This fact is sufficient for a practical analysis of
the monitoring needed at such a wastewater injection site.

As a further example, Figure 3-14 shows the potentiometric surface for
the lower Floridan aquifer in northwest Florida. There the hydraulic gradient
was about 1.33 ft/mile toward the southwest in the vicinity of the Monsanto
Company injection well prior to its operation. The permeability is about one
darcy and the porosity is estimated to be 10 percent (Goolsby, 1971 and 1972).
The velocity of natural flow in the lower Floridan aquifer is then estimated
to be

v = 890 ft/yr  _1.33 ft/mile = 2. 24 ft/yr.
0.10 5,280 ft/mile

This case is more easily interpreted than the previous one because it is
known that the source of hydraulic head lies to the north of the injection
well site and that the movement of water is to the south as shown in Figure
3-15. The velocity of flow, even in this case, is very low.

Pressure Effects of Injection --
Wastewater injected into subsurface reservoirs does not move into empty

voids; rather it displaces existing fluids, primarily saline water. The dis-
placement process requires exertion of some pressure, in excess of the natural
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formation pressure. The pressure increase is greatest at the injection well
and decreases in approximately a logarithmic manner away from the well. The
amount of excess pressure required and the distance to which it extends de-
pend on the properties of the formation and the fluids, the amount of fluid
being injected, and the length of time that injection has been going on. The
pressure or head changes resulting from injection are added to the original
regional hydraulic gradients to obtain a new potentiometric surface map that
depicts the combined effects of regional flow and the local disturbances.

To compute the rate of pressure change in an injection interval, Darcy's
law must be combined with the continuity equation so that time and the com-
pressibility of the aquifer and aquifer fluids may be taken into account.

The appropriate partial differential equation and its derivation may be found
in most modern texts on hydrogeology and petroleum reservoir engineering,
along with numerous solutions.

The solutien first formulated and still most widely used for predicting
the pressure effects of a well pumping from or injecting intc an aquifer as-
sumes the following conditions (Ferris, et. al., 1962; Kruseman and DeRidder,
1970; Lohman, 1972):

1. The aquifer is, for practical purposes, infinite
in areal extent

2. The aquifer is homogeneous, isotropic, and of uniform
thickness over the area of influence

3. Natural flow in the aquifer is at a negligible rate

4. The aquifer is sufficiently confined so that flow
across confining beds is negligible

5. The well penetrates the entire thickness of the
aquifer

6. The well is small encugh that storage in the well can
be neglected and water removed from or placed in
storage in the aquifer is discharged or taken in
instantaneously, with change in hydraulic head.

This is a formidable list of assumptions, which are obviously not com-

pletely met in any real situation. However, if one reviews the characteris-
tics of many aquifers used for waste injection, water supply, and other pur-
poses, it can be concluded that for oractical purposes they probably comply

sufficiently with the assumptions.

The equation that describes the responae of such an anuifer tooa sinale
injection well dis then (Ferris, et al ., 1967 Nruseman ard DeHidder, 175770
Lohman, 1972):



4qT
2 3
- _u + U - ... L (3-8
2 - 2! 3. 3! ) (L] )
where
r2s o
u==1= [dimensionless]
4Tt
and
sh = hydraulic head change at radius r and time t
Q = injection rate
T = transmissivity
S = storage coefficient
t = time since injection began
r = radial distance from well bore to point of interest.

One can easily enter the desired values into this series solution.
Tables with the series evaluated are available in the previously referenced
publications on aquifer testing. An analogous form of Equation 3-8, as used
in petroleum reservoir engineering, is given by Matthews and Russell (1967).

For large values of time, small values of radius of investigation, or
both, Equation 3-8 can be reduced to:

= 2.30Q 2.25T7t -
Ah 1 L (3-9)
4T °9 r<s =

Equations 3-8 and 3-9 are not unitized; therefore, any consistent units
can be used. The equation equivalent to 3-9, which is used in petroleum re-
servoir engineering is (Matthews and Russell, 1967):

= 162.6 QU - “
ap = 10£.0 Qu - -
= J log g;%%g' 3.23_J [psi] (3-9a)

Ap = reservoir pressure change at radius r and time t [psi]

Q = injection rate [bb1/day]
p = viscosity [centipoise]
K = average reservoir permeability [millidarcys]
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b = reservoir thickness [ft]
t = time since injection began [hours]
c = reservoir compressibility [psi']]

r = radi di from well bore to point
£ S
| I

6 = average reservoir porosity [decimal]

Two very important characteristics of the equations presented above are
that individual solutions can be superimposed, and that hydrologic boundaries
such as faults can be simulated by a properly located imaginary well. The
fact that solutions can be superimposed allows the effects of multiple wells
to be easily analyzed. Because the effect of boundaries is analogous to that
of properly located pumping or injection wells, the existence of boundaries

can hn doterted hy nheoavrving annifer voocnnnco +n iniection Aar nimning or
Cafi € ACLeClicl DYy 0os5erving aquirter response Lo 1njeciion o puiiping ur,

conversely, the effects of known or suspected boundaries can be estimated.

Equations 3-8, 3-9, and many other similar solutions that are available
for different assumed conditions are used to generate potentiometric surface
maps showing anticipated conditiens at a selected time in the future. The
accuracy of the predicted effects is monitored as time passes and the pre-
dictions revised, if necessary, to better match actual aquifer performance.

Figure 3-16 shows the theoretical potentiometric surface map for the
Tower Floridan aquifer in northwest Florida in 1974, after wastewater in-
jection had been in progress near Pensacola for about 11 years. The esti-
mated pressure effects of injection can be seen by comparing the contours
of the pre-injection potentiometric surface with the mid-1974 contours. The
predicted effects have been partially verified by observation wells, the lo-
cations of which are also given in the figure.

As an example of the development of such a theoretical potentiometric
surface map, one point in Figure 3-16 will be determined. The point will be
one at a radial distance of seven miles northeast of the injection well site,
which places it at a potential of about 80 feet on the pre-injection surface
and 180 feet on the 1974 surface. From Goolsby (1972) and Faulkner and
Pascale (1975) the following data were obtained or estimated:

H

Q= 2.49 x 106 qal/day = 3.33 x 10% ft3/day
T = 6,300 gal/day-ft = 842 ft3/day-ft
t oo 4,000 days

r Jonmites 6,960 ft

S 7w 107 [dimensionless ).
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Therefore, from Equation 3-9, the head increase in 4,000 days 7 miles
northeast of the injection site is:

Ah = 2.30 x 3.33 x 10° ft3/day
47 x 842 ft3/day-ft

2.25 x 842 ft3/day-ft x 4,000 days
(36,960t )2 x 2 x 1074

x log

1]

72.39 log 27.74 = 104.5 ft.

The calculated increase of 104.5 feet compares well with the increase
of 100 feet shown in Figure 3-16, when the accuracy of the map scale is con-
sidered. As many points as desired can be calculated to produce the contour
map. Rather than calculating the pressure at a point (actually on a circle
with radius r) even head increments can be selected and the radii to them
calculated, which simplifies the contouring process.

The most common use of Equation 3-9 and similar equations is to predict
the pressure buildup that will occur during the planned lifetime of an injec-
tion well. This calculated pressure buildup is then compared with the allow-
able pressure buildup to determine if the injection will be feasible. As has
been explained, prior to drilling a well, the formation properties necessary
to perform this calculation are estimated. After the well has been drilled,
they are obtained from core analyses and well testing.

As an illustration, assume a site for which the limiting well head
pressure is 1,500 psi and the other conditions are:

Q = 1714.3 bbl/day (50 gpm)
u = 1 centipoise
K = 50 millidarcys

b =45 ft

the well)

¢+ 7.5 x 1076 psi-]

roo 0.792 £t (3.5 dinches - well radius)
0.1%

Using btauation 3-9a:



sp - (162.6)(1714.3)(1) ,~}Og (50)(8.76 x_10%) _3,23—1
(50)(45) (0.15)(1)(7.5 x 10-6)(.292)2 |

ap = 1,292 psi

The calculation indicates that the anticipated pressure increase should
be less than the limiting amount after ten years of injection at 50 gpm.
The calculation is not sufficiently dependable to be relied upon to predict
the exact lifetime of a well, but it gives the best indication available as
to what should occur.

Multiple Wells-- As previously mentioned, estimating the combined pres-
sure effects of multiple wells is made easy by virtue of the principle of
superposition. It is only necessary to estimate the separate effects of two
or more wells at the point of interest, then to add them to obtain their
combined effect.

As an illustration of this, the effect of a second injection well lo-
cated 1,000 feet from the well analyzed above will be computed. Assuming
that the second well has the same characteristics as the first, the pressure
at either well after 10 years of operation of both wells would be:

ap = 1,292 psi + (162.6)(1714.3)(1)
(50) (45)

B (50)(8.76 x 10%) 323 |
l, o9 (0.15)(1)(7.5 x 10-6)(1,000)2 ’ _J

Ap = 1,292 psi + 416 = 1,708 psi

The calculation indicates that it would probably not be possible to op-
erate the two wells at 50 gpm 1,000 feet apart for 10 years, since the injec-
tion pressure at each well would build up to 1,708 psi, which exceeds the
allowable 1,500 psi. Van Everdingen (1968) presents other examples of such
calculations for injection wells.

Hydrologic Discontinuities -- Another common situation is one in which
a barrier to flow, a fault or facies change, is present within the area of
influence of an injection well. Faults may also act as channels for escape
of fluid from the injection horizon.

In predicting aquifer response in the presence of such features, the
image-well concept is used. Assume the presence of a fault or lithologic
change that acts as an impermeable barrier, 500 feet in any direction from
the Mt. Simon Formation injection well that is discussed above. Then, ac-
cording to image-well theory, an imaginary injection well with all of the
same properties as the real injection well is placed 1,000 feet from the
real well, on the opposite side of the fault and on a 1ine that passes
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through the real well and is perpendicular to the fault. Figure 3-17 shows
the potentiometric surface and flow lines that would develop in such a sit-
uation; the pressure effect of the barrier would be the same as that calcu-
lated above for an actual injection well 1,000 feet from the first well.

If the hydrologic discontinuity were a leaky fault rather than a sealed
one, the opposite effect would occur; the pressure at any time would be re-
duced as if a discharging well were present.

The equations and examples given are for the most basic hydrogeologic
circumstances, but many injection wells can be treated this way because these
are the conditions sought when choosing an injection site and receiving aqui-
fer. However, cases of virtually any complexity can be analyzed by use of
the appropriate solution to the basic flow equations; where analytical solu-
tions are not possible, numerical models can be developed. The limitations
to an analysis are usually pragmatic rather than theoretical--lack of data,
lTimitations of time and funds, or the fact that a simplified estimate is suf-
ficient for the circumstances.

Rate and Direction of Wastewater Movement --

As with pressure response to injection, the rate and direction of move-
ment of the injected fluid depend on the hydrogeology of the site; therefore,
the same factors previously listed require consideration. In addition, the
properties of the formation water and the injected wastewater assume major
importance.

Broad flow patterns in an aquifer with a significant existing potentio-
metric gradient can be deduced from a map of the regional potentiometric sur-
face with the effects of the injection system superimposed.

Figure 3-18 is a duplication of Figure 3-16, with flow lines added to
show how the flow directions of formation water and injected wastewater can
be deduced from the potentiometric surface map. The wastewater will never
actually travel as far northward as the map indicates, but displaced forma-
tion water will be forced in this dircction, ahead cf the small cylinder of
wastewater that surrounds the well. The extent of this wastewater cylinder
will be discussed next.

A good estimate of the minimum distance of wastewater flow from an in-
jection well can be made by assuming that the wastewater will uniformly oc-
cupy an expanding cylinder with the well at the center. The eguation for

this case is:

o ‘/,- V - o .
Y I i . LLJ \ )“IO)
\/ ~h-

whers
o= oradial distance of wastewater front trom well

y 0t cunulativiee volume of iniedcted watowater
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b

effective reservoir thickness

¢ = average effective porosity.

For an injection well with the following characteristics:

Q = 100 gpm

t = 5 years

b = 1618 feet

¢ = 13.5 percent

- //35,128,993 3
\/ = x 1618 ft x 0.135

= 226 ft

It is noted that effective reservoir thickness and average effective
porosity should be used. The effective reservoir thickness, for example, is
that part of the total reservoir that consists of sandstone {in the case of
a mixed sandstone-shale lithology.) The effective porosity has been previous-
ly defined as that part of the porosity in which the pores are interconnected.

In most situations the minimum radial distance of travel will be
exceeded, because of dispersion, density segregation, and channeling through
high permeability zones. Flow may also be in a preferred direction, rather
than radial, because of hydrologic discontinuities (e.g., faults), selective-
ly oriented permeability paths, or natural flow gradients.

An estimate of the influence of dispersion can be made with the follow-
ing equation:

r'=r+2.3Jor . L] (3-11)
where

r' = radial distance of travel with dispersion

D = dispersion coefficient; 3 ft for sandstone aquifers and

65 feet for limestone or dolomite aquifers.

Equation 3-11 is obtained by solving equation (10.6.65) of Bear (1972) for
the radial distance at which the injection front has a chemical concentration
of 0.2 percent of the injected fluid. The detailed development of dispersion
theory is presented by Bear (1972). The dispersion coefficients given are
high values for sandstone and lTimestone aquifers obtained from the Titerature.
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No actual dispersion coefficients are known to have been obtained for any
existing injection well.

Then for the above example, which is a sandstone:

'=226 ft + 2.3 V3 ft x 226 ft

=
It

it

286 ft.

It is clear that, in this example, the distance of wastewater travel
from the well is negligible and could not possibly be of concern if actual
conditions comply even generally with those that were assumed. This conclu-
sion has been found to apply to many of the wells that have been constructed
to date. Since almost no attempts have been made to determine the actual
wastewater distribution around existing injection wells, there is little evi-
dence for comparison with theory. However, if such a calculation were in
error by several hundred percent, there would still be no cause for concern,
since the injection well, in this and many other cases, is tens of miles from
the nearest well penetrating the injection zone.

To proceed beyond the calculations that have been shown may not be
necessary or, in many cases, meaningful. However, it may be possible, if
necessary, to account for some of the additional complications that are men-
tioned. For example, Bear and Jacobs (1964), in one of a series of reports,
considered the flow of water from a groundwater recharge well in an aquifer
of uniform flow, when the densities and viscosities of the injected and inter-
stitial fluids are the same. Gelhar et. al. (1972) developed analytical
techniques for describing the mixing of injected and interstitial waters of
different densities. Kazman (1974) discussed the use of an aquifer model for
verification of complex waste flow patterns.

So far, the travel of the injected wastewater has been treated as
though it were an inert fluid whose constituents would not react with the
aquifer water or minerals, be affected by bacterial action, or decompose or
radioactively decay. If the wastewater is not inert, then changes in chemi-
cal composition with time and distance may also need to be considered.
Bredehoeft and Pinder (1972) discuss the methodoloqy for a unified approach
to this type of problem. Robertson and Barraclough (1973) present an example
of & case in which radicactive decay, dispersion, and reversible sorption
were considered, and Intercomp Resource Development and Engineering, Inc.
(1976) nrovides a description of and the computer program for a transient,
three-dimensional digital model that simulates wastewater movement from an
injection well. The Intercomp model accounts for density and viscosity vari-
ations resulting from temperature and compositicnal changes and includes the
effects of hydrodynamic dispersion in producing compositional changes. How-
ever, no procedure exists gt this time for sinultancously considering the
tull vange of practical peossdbhilities that way he tnvelved in wgstewitor
sioveent .

4

In spite ot the depree of sophistoal

e tes foe vate gl e tion o

poooysed in o developrent of the

"‘rl‘\‘{‘l of T el e T e preorr e b o



well, nonuniform distribution of porosity and permeability will preclude
making accurate estimates in many cases. In general, wastewater flow in
unfractured sand or sandstone aquifers would be expected to more closely agree
with theory than flow in fractured reservoirs or in carbonate aquifers with
solution permeability. However, even in sand aquifers, flow can be expected
to be nonideal as shown by tests reported by Brown and Silvey (1973). Par-
ticularly great deviations from predictions may occur in limestone or dolomite
aquifers. Figure 3-19 is an example of this. The radial zones around Well
No. T show the predicted extent of waste travel using Equations 3-10 & 3-11.
The irregular boundary shows the probable actual extent of wastewater spread
as indicated by evidence from Wells 2 and 3. 1In this case, the wastewater
apparently traveled selectively in a single thin porous and permeable inter-
val rather than throughout the several zones indicated by testing results.
Accurate prediction of the rate and direction of movement in such a case may
well be technically infeasible even in the future because the amount of in-
formation needed will seldom, if ever, be available.

Hydraulic Fracturing --

Hydraulic fracturing may be deliberately accomplished to increase for-
mation receptivity or apparent permeability. It may occur during injection
testing or wastewater injection if the fracture initiation pressure is ex-
ceeded.

Regulatory policy may or may not allow short-term hydraulic fracturing
operations for well stimulation, but continuous injection at pressures above
the fracture point are prohibited by most, if not all, agencies. This is
because of the danger of damage to well facilities and because of the uncer-
tainty about where the fractures and injected fluids are going if fractures
continue to be extended. In order to produce and propagate a hydraulic frac-
ture that will achieve increased well receptivity, large amounts of pump
power, effective fluid loss control additives, and propping agents such as
sand, are desirable. Fractures may not propagate in normally permeable
rocks unless the fracture surfaces are continually sealed by the injected
fluid. 1In practice a fluid loss control agent that later breaks down and
becomes inoperative is employed to assist fracture propagation.

Figure 3-20 is a schematic diagram of bottom-hole pressure and surface
pressure versus time during hydraulic fracturing. Before injection begins,
the pressure is that of the formation fluid (py) and the column of fluid in
the well bore. Pressure is increased until fracturing occurs; then, as fluid
continues to be pumped into the well, the pressure stabilizes at P> the
flowing pressure, during which the fractures continue to be extended. When
injection is ceased, and the well shut in, the pressure quickly stabilizes
to a constant value, the instantaneous shut-in pressure. This pressure is
considered to be equal to the least principal earth stress in the vicinity
of the well.

In estimating the fluid pressure at which hydraulic fracturing will
occur, one of two conditions is usually assumed:

114



CALCULATED PRINCIPAL ZONE
OF WASTEWATER CONTAINMENT

INJECTION
WELL NO. 1
CALCULATED
DISPERSION
ZONE
PROBABLE ACTUAL EXTENT * WELL NO. 2
OF WASTEWATER TRAVEL
® WELL NO. 3

SCALE: 1 in. = 1000 ft. /\/\/\

FIGURE 3-1G9. PREDICTED AND PROBAGLY ATTUAL EXTENT OF WASTEWATER
TRAVEL FOR A WELL COMPLETED IN A CARBONATE RESERVOIR.
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1. That the least principal stress is less than the
vertical 1ithostatic stress caused by the rock
column. In this case fractures are assumed to
be vertical.

2. That the vertical lithostatic stress is the Teast
principal stress. In this case fractures will be
horizontal.

In the first case, the minimum bottom-hole pressure required to ini-
tiate a hydraulic fracture can be estimated from (Hubbert & Willis, 1972):

S, + 2p
R (F/L?) (3-12)
where
p; = fracture initiation pressure
SZ = total lithostatic stress
PO = formation fluid pressure

The hydraulic fracturing gradient, that is, the injection pressure re-
quired per foot of depth to initiate hydraulic fractures, can be estimated
by entering representative unit values into Equation 3-12. The unit values
for Sy and py are, respectively, 1.0 and 0.46 psi/ft. This yields a pj gra-
dient of 0.64 psi/ft as a minimum value for initiation of hydraulic fractures.
This situation implies a minimum lateral earth stress. As the lateral stress-
es increase, the bottom-hole fracture initiation pressure also increases up
to a 1imiting value of 1.0 psi/ft. Actually, fracture pressures may exceed
1.0 psi/ft when the rocks have significant tensile strength and no inherent
fractures that pass through the well bore.

In any particular case, injection tests can be run on the well to deter-
mine what the actual fracture pressure is. Operating injection pressures are
then held below the instantaneous shut-in pressure measured immediately fol-
lowing injection of fracture pressures. In the absence of any specific data,
manbi g binmiar: Jdmd bt d e AL Loime N L b T N e v Ehmd A Adarndtbh bhauna khasan e
arovilLrary tiittatiuns Ul reuil U,.o Lo o1 .uU pPor pueEr raoutL Ul ugpLn nave vcon b
posed on operating injection wells. Regional experience should be used as a
criterion in establishing an arbitrary limit, since regional tectonic condi-

tions and fluid pressure gradients dictate what a safe 1imit will be.

A recent series of field experiments were performed in the Piceance
Basin of northwest Colorado to test the validity of the concepts discussed
above and to determine the state of rock stress in that area (Wolff, et. al.,
1975, Bredehoeft, et. al., 1976). The conclusions reached were consistent
with theory. The area was found to be tectonically relaxed and vertical frac-
tures were generated at about two thirds of the overburden pressure, as would
be predicted from Fquation 3-172.



Earthquake Triggering --

As a matter of background, it is widely, but not universally, accepted
that a series of earthquakes that began in the Denver area in 1962 was ini-
tiated by injection of wastewater into -a well at the Rocky Mountain Arsenal.
Since the association of seismic activity with wastewater injection at Den-
ver, apparently similar situations have been observed at Rangely, Colorado,
and Dale, New York. The former related to water injection for secondary re-
covery of 01l and the Tatter to disposal of brine from solution mining of
salt. On the other hand, there are presently about 160 operating industrial
wastewater injection wells and tens of thousands of oil field brine disposal
wells that have apparently never caused any noticeable seismic disturbance,
so these three examples would have to be considered very rare.

It has been erroneously stated by many that the seismic events have
been stimulated by "lubrication" of a fault zone by injected fluids. What
has happened, if injection has been involved, is that the water pressure on
a fault surface has been increased, thus decreasing the friction on that
surface and allowing movement and consequent release of stored seismic en-

ergy.

Based on this interpretation of the mechanism of earthquake triggering
by fluid injection, some of the conditions that would have to exist in order
to have such earthquakes would be:

1. A fault with forces acting to cause movement of the blocks
on either side of the fault surface, but which are being
successfully resisted by frictional forces on the surface.

2. An injection well that is constructed close enough, verti-
cally and horizontally, to the fault so that the fluid
pressure changes caused by injection will be transmitted
to the fault plane.

3. Injection at a sufficiently great rate and for a suffi-
ciently long time to increase fluid pressure on the fault
plane to the point that frictional forces resisting move-
ment become less than the forces tending to cause movement.
At this time, movement will occur and stored seismic energy
will be released. That is, an earthquake will occur.

As has been discussed earlier in the section on state of stress, rela-
tively 1ittle is known about stress distribution in the earth's crust and
even Tess is known about stress distribution along fault systems. In the
absence of this information, only qualitative estimates of the probability
of earthquake stimulation can be made. In the great majority of cases the
potential for earthquake stimulation will be nonexistent or negligible be-
cause only very.limited areas in the country are susceptible to earthquake
occurrence. The susceptible areas are delineated by records of earthquakes
that have occurred in the past and by tectonic maps that show geologic fea-
tuggs.ghich are associated with belts of actual or potential earthquake
activity.
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CHAPTER 4
CRITERIA FOR INJECTION WELL SITE EVALUATION

The geologic and hydrologic information necessary for evaluation of an
injection well site and the means of obtaining this information before and
during well construction have been discussed in the previous two chapters.
In this chapter, a procedure for using this information in determining the
suitability of a site for wastewater injection is outlined and the criteria

for a suitable site discussed.

As was indicated in Chapter 2, examination of a site for a wastewater
injection well begins at the regional level, then is narrowed to the vicinity
of the site, and finally focuses upon the immediate well location. Table 4-1
lists the factors important to regional and local site evaluation.

REGIONAL EVALUATION

Figure 4-1, presented by Van Everdingen and Freeze (1971), is a flow
diagram that shows a procedure for the regional evaluation of an injection
well site. The yes-no statements in the flow diagram are oversimplified;
but, in concept, the diagram represents the procedure that is followed,
whether consciously or not, in such evaluations.

Ideally suitable regions for subsurface wastewater injection should
satisfy the following criteria:

a. An extensive, thick sedimentary sequence should be
present, to provide opportunity for an adequate in-
jection interval and confining strata.

b. Geologic structure should be relatively simple, that is,
the region should be reasonably free of complex and ex-
tensive faulting and folding. Complex geologic structure
compiicates prediction and monitoring of waste travel
and faults are possible avenues of wastewater escape.

¢. Possible injection intervals should contain saline water
and should not be abundantly endowed with mineral re-

sources {(oil, gas, coal, etc.), so that the potential
for degradation of natural resources is minimized.
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TABLE 4-1. FACTORS TO BE CONSIDERED FOR GEOLOGIC AND HYDROLOGIC
EVALUATION OF A SITE FOR SUBSURFACE WASTE INJECTION

Regional Geologic and Hydrologic Framework

Physiography and general geology; structure; stratigraphy;
ground water; mineral resources; seismicity; hydrodynamics

Local Geology and Geohydrology

A. Structural Geology

B. Geologic Description of Subsurface Rock Units

1.

2.

General rock types and characteristics

Description of injection horizons and confining
beds. Lithology; thickness and vertical and
lateral distribution; porosity (type and dis-
tribution as well as amount); permeability
(same as for porosity); reservoir temperature
and pressure; chemical characteristics of
reservoir fluids; formation breakdown or frac-
ture pressure; hydrodynamics.

Fresh water aquifers at the site and in the
vicinity. Depth; thickness; general character;
quality of contained water; amount of use and
potential for use.

Mineral resources and their occurrence at the
well site and in the inmediate area. 01l and
gas (including past, present and possible future
development); coal, brines; other.
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REGIONAL GEOLOGICAL
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MAPS, SUBSURFACE
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EVALUATION OF
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e

REGIONAL GROUND
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I. "POTENTIAL" REGIONS "CLOSED" REGIONS, NO SUBSURFACE
2 "LIMITED REGIONS
DISPOSAL ALLOWED

v

FIGURE 4-1. EVALUATION OF REGIONS FOR SUBSURFACE WASTEWATER
INJECTION (VAN EVERDINGEN AND FREEZE, 1971).
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d. Fluid flow in possible injection intervals should
be negligible or at low rates, and the region should
not be an area of ground water discharge for the
injection intervals being considered.

e. The region should preferably not be one of high seismic
risk, nor should it be a seismically active one. Earth-
quakes may damage injection facilities and, in seismi-
cally active area, injection may stimulate earthquakes.

The criteria used in a regional evaluation are perhaps best discussed
by application to an example. For this purpose, the entire conterminous
United States can be subjected to a superficial evaluation, which is useful
as a starting point for a more detailed analysis.

Synclinal sedimentary basins and the Atlantic and Gulf Coastal Plains
(Figure 4-2) are particularly favorable sites for waste-injection wells be-
cause they contain relatively thick sequences of salt-water-bearing sedimen-
tary rocks and because commonly the subsurface geology of these basins is
relatively well known. Galley (1968) discussed general aspects of geologic
basin studies as related to deep-well disposal of radioactive waste.

During the early 1960's a series of reports concerning the suitability
of selected basins for radiocactive waste disposal was prepared for the Atomic
Energy Commission by the U. S. Geological Survey. These reports included
ones by Repenning (1961) on the Central Valley of California, Sandberg (1962)
on the Williston basin, Beikman (1962) on the Powder River basin, MacLachlan
(1964) on the Anadarko basin, LeGrand (1962) on the Atlantic and Gulf Coastal
Plain, and Colton (1961) on the Appalachian basin; Love and Hoover (1960)
briefly summarized the geology of many sedimentary basins in the United
States.

In addition to the USGS basin reports, members of a subcommittee of the
Research Committee of the American Association of Petroleum Geologists pre-
pared reports for the AEC on portions of the Appalachian basin, the Michigan
basin,)the Salina basin, the Denver basin, and the San Juan basin (Galley,
1968-a).

In spite of these extensive investigations, only one well, the Anaconda
Company well near Grants, New Mexico (West, 1972), is xnown to have been used
for 1iquid radioactive waste injection. However, the listed reports are also
of general use for evaluation of sites for wells irjecting non-radioactive
wastes.
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Shield, and other such exposures are perhaps not extensive, but they are sig-
nificant because the sedimentary sequence thins toward them and the salinity
of the formation waters decreases toward the outcrops around the exposures.

Regions shown in Figure 4-2 where a thick volcanic sequence Ties at
the surface generally are not suitable for waste-injection wells. Although
volcanic rocks have fissures, fractures, and interbedded gravel that will
accept injected fluids, they generally contain fresh water.

The immense and geologically complex Basin and Range Province is a
series of narrow basins and intervening, structurally positive ranges. Some
of the basins might provide waste-injection sites, but their geology is most-
1y unknown and the cost of obtaining sufficient information to insure safe
construction of injection wells could be high.

The geology of the West Coast is relatively complex. Small Tertiary
sedimentary basins in southern California yield large guantities of oil and
gas, and probably are geologically satisfactory sites for waste-injection
wells. There are similar basins along the coast of northern California,
Oregon, and Washington, but 1ittle is known about their geology.

Areas not underlain by major basins or prominent geologic features may
be generally satisfactory for waste injection if they are underlain by a suf-
ficient thickness of sedimentary rocks that contain saline water, and if po-
tential injection zones are sealed from fresh-water-bearing strata by imper-
meable confining beds.

A number of discussions have appeared in recent years, describing the
feasibility of industrial wastewater injection in individual states and cne
region, including those by Bergstrom (1968) on I11linois, Kreidler (1968) on
New York, Newton (1970) on Oregon, Rudd (1972) on Pennsylvania, Clifford
(1972) on Ohijo, Tucker and Kidd (1973) on Alabama, and the Ohio River Valley
Water Sanitation Commission (1973) on the Ohio River Valley region. The
study of the Ohio River Valley will be briefly reviewed as an example of a
regional assessment. Figures 4-3 through 4-9 are from the ORSANCO (1973)
study.

Example of a Regional Evaluation
Stratigraphy --

The thickness of sedimentary rocks throughout the area can be estinated
by examination of Figure 4-3, which is a structure contour map on the ton of
the Precambrian baserment surface. The thickness of sedimentary rock at dny

point is obtained by subtracting the elevation of the Precambrian surface

from the elevation of the ground surface.  Since ol of the Precambrian sur-
face elevations in the map are below sea Tevel, and ¢levations are nenative,
they are actually added. 1t ds clear tha! tnere T4 nove than 3,000 feet of
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FIGURE 4
Map of the Ohio River Basin and vicinity

showing structure on basement rocks.
. S Modified from the map by Bayley and Mushlberger, 1968.
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FIGURE 4-3. (OHIO RIVER VALLEY
WATER SANITATION COM-
MISSION, 1973).

130



LEGEND

a e aw o
* * o e w
a8 s 4 =

SANDSTON

LIMESTONE
OR DOLOMITE

X X X X
EVAFORITE DEPOSITS

(anhydrite aqypsSum
And salt)

v vV

\4
v VvV Vv

MeTamorew o
AMD IGNEQOUS
CRVSTALLING ROCKS

ROCK UNIT
AGE

MAJOR ROCK
| UNITS DESCRIBED

CRETACEOUS TO RECENT

PENNSY LVANIAN

(AND PERMIAN)

MISSISSI PR IAN
PEMNSYLVANIAN

MIGSISSIPPIAN

SEQUENCE

DEVONILAN

SILURIAN

|
| DEVORLL AN

SHALE
SEQUENCE

SILURIAN
OEVONMIAN

StQUENCE

ORDOVICIAN

ORDOVICIAN
SHALE
SEQUENCE

CAMBRIAN

PRE - CAMBRI AN O

EARLY PAL L OZ2O 10

CANMBRIAN -
ORODOVICIAN

SEQuUE MO

A A
AV AV

[P S

RAsE M Y S Q)L N

NPT S DTAGRAMMAT IO COMIISTTE GEOLOGICAL COpimy of  ROC
SEOTE T T THE G0 VR BAS TN INHEY RIVER
VALY WATUE SANTTAT DN QoM Iss I, 1an



FIGURE 3

Map of the Ohia Biver Bosin oad wichnity
show ity seme mojor geslogic features

m o - Duts modified from published maps
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FIGURE 4-5. (OHIO RIVER VALLY WATER SANITATION COMMISSION, 1973).
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FIGURE 7

Moap of the Ohio River Basin and vicinity showing
depth below the land surface to the shallow est
Aquiters that contains water with a dissolve solids
content greater than 1,000 parts per million

Data modified from Feth, 1945
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FIGURE 8
Map of the Ohio River Basin and vicinity showing
the relative intensity of oil and gas field development.

Data meodified from published oil and gas field maps.
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FIGURE 14

Map of the Ohio River basin

and vicinity showing the

degree of seismic risk as
projected from earthquake

histery and geologic coasiderations.
From Algermissen, 1969
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. FIGURE ¢
"/ MAP OF THE OHIO RIVER BASIN AND VICINITY
,INDICATING THE RELATIVE FEASIBILITY OF DISPOSAL
AND THE ROCKS MOST LIKELY TO PROVIDE A
SATISFACTORY DISPOSAL ZONE.

EXPLANATION

DEEP WELL DISPOSAL IS MOST LIKELY TO BE FEASIBLE IN
I PENNSYLVANIAN, MISSISSIPPIAN OR OLDER ROCKS
I DEVONIAN, SILURIAN, OR OLDER ROCKS

TI. ORDOVICIAN OR OLDER ROCKS

BECAUSE OF LACK OF AVAILABLE DiSPOSAL

DEEP WELL DISPOSAL IS OF LIMITED FEASIBILITY
i
HORIZONS OR COMPLEX GEOLOGIC STRUCTURE

"I METAMORPHIC AND IGNEOUS CRYSTALLINE ROCKS,
5

4 NO POSSIBILITY OF DEEP WELL DISPOSAL

© EXISTING INJECTION WELLS

FIGURE 4-9. MAP OF THE OHIO RIVER BASIN AND VICINITY
INDICATING THE RELATIVE FEASIBILITY OF
DISPOSAL AND THE ROCKS MOST LIKELY TO PRO-
VIDE A SATISFACTORY DISPOSAL ZONE.
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Structural Geology --

Major structural geologic features of the Ohio Valley and surrounding
areas are shown in Figure 4-5. Major synclinal basins or downwarps of the
crust are the Appalachian basin and the Illinois basin. Small portions of
the Michigan basin and the Mississippi embayment are also within the Ohio
Valley. The Cincinnati arch and its continuations, the Kankakee and Findlay
arches to the north and the Nashville dome to the south are major uplifts
separating the basins. The outcrop of crystalline rocks that forms the core
of the Appalachian Mountain ranges (Blue Ridge province) represents a major
anticlinal fold that bounds the Appalachian basin on the southeast. Each of
the major folds has many smaller ones superimposed upon it. The southeastern
portion of the Appalachian basin is, in particular, complexly deformed by
many smaller folds as indicated in Figure 4-5. A zone of very intense and
complex folding, faulting and fracturing ranging from a few miles up to about
80 miles in width borders the northeast-southwest trending crystalline core
of the Appalachian Mountains from the Alabama-Georgia border north into Can-
ada. Other areas of relatively intense rock deformation are the faulted and
fractured Rough Creek, Kentucky River, and associated fault zones.

Ground Water and Other Resources --

The principal chemical measurement used to distinguish between reser-
voirs suitable for wastewater injection and those containing waters that must
be protected is total dissolved solids content. So far, there is no complete
agreement on which ground waters should be protected, but perhaps this is
best because exceptional cases occur and a rigid restriction makes it diffi-
cult to accommodate them. The most restrictive policy known is used in IT1i-
nois and Texas, where ground water containing less than 10,000 mg/liter is
protected. On the other hand, injection is presently being allowed into an
aquifer with water containing less than 1,000 mg/liter in at least one in-
stance and Florida uses a limiting value of 1,500 mg/liter for aquifers to
be protected.

In Figure 4-6 it shows the approximate depth to aquifers containing
greater than 1,000 ppm of dissolved solids in the Ohio Valley and adjacent
areas. This map was used because it is the only one available showing the
dissolved solids content of ground waters in the Ohio Valley region. It
gives a very broad indication of the depth range to which surface casing
must extend in order to close off aguifers containing potable water. It
also shows that there are no saline-water-bearing aquifers to be used for
disposal in portions of the eastern Qhio Valley. [If waters containing rore
than 1,000 pom of dissolved solids are considered fresh, which will probably
he the case, then larger areas of the Ohio Valley would be unsuited for
underground disposal and the depth to the frech water-saline water interface
would be extended.

OF the mineral resources, ofl and gas cest Srequently voouive cone i

et o because of fieir o abundance and Boc o s voo gt ot st e i

{



are often physically well suited for waste injection. In Figure 4-7 the rel-
ative extent of 0il and gas field development in the Ohio Valley area is
shown. Extensive development of 0il and gas resources does not necessarily
preclude injection disposal. However, the potential for such disposal will,
within certain areas, be greatly 1imited because of 0il and gas development.
For example, in the Lima-Indiana oil field area shown in Figure 4-7, nearly
75,000 wells were drilled during the late 1800's and early 1900's. These

0il wells are now abandoned and many of their locations are unknown.

Because of the inadequate plugging practices used at the time when the
Lima-Indiana field was abandoned, it is not now possible to contemplate in-
jection into the Trenton Limestone or any of the horizons above the Trenton
in that area. Injection into the deeper Mt. Simon Formation, which lies
well below the Trenton, is still possible as is illustrated by the Sohio
Petroleum Company injection well at Lima, Ohio. It is not practical to Tlist
all of the situations similar to this that exist in the Ohio Valley. How-
ever, matters such as this must be considered individually at the time when
underground disposal is actually contemplated at a specific location.

Earthquake Occurrence and Triggering --

The past history of earthquake activity in an area must be considered
because an earthquake might potentially damage injection well facilities or
alter geohydrologic conditions. In addition, because of the possibility that
injection may induce earth tremors, the susceptibility of an area to such
induced seismic activity should be examined.

Within and near the Ohio Valley Region, two localities stand out as
having been affected by significant earthquakes during recorded time. Three
of the most intense earthquakes that have been recorded in this country were
centered near New Madrid, Missouri, and occurred in December, 1811, and Jan-
uary and February, 1812. A1l three of these earthquakes were of greater in-
tensity than any that have occurred in California, including the 1906 San
Francisco earthquake.

A second area in the Ohio Valley where relatively intense earthquakes
have been recorded is in western New York. Here earthquakes with intensities
of 8 were recorded in 1929 and 1944. These two earthquakes were centered
near Attica and Massena, New York, respectively. Changes in groundwater con-
ditions reportedly occurred in 1929. A less intense 1966 earthquake was also
centered near Attica, New York. Recent data depicting the degree of seismic
risk throughout the Ohio Valley are shown in Figure 4-8. These data agree
with the above discussion and indicate that there is a possibility of major
earthquake damage in the extreme southeast and northeast portions of the
Ohio Valley and of moderate to minor damage elsewhere in the area. These
areas are also ones where the initiation of earthquakes would be most 1likely.
In fact, it has been reported that seismic activity has been stimulated in
the Dale, New York, area by injection of brine from solution mining.
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Summary --

The geology and groundwater hydrology of the Ohio Valley have been
broadly considered in view of the potential for subsurface waste injection
in the area. Implications of the previous discussion are partly summarized
in Figure 4-9. Here is indicated the relative feasibility of deep-well dis-
posal as constrained by the thickness of sedimentary rocks, geologic struc-
ture, and the presence of saline-water-bearing aquifers. Areas underlain
only by metamorphic and igneous crystalline rocks provide virtually no poten-
tial for subsurface disposal of liquid waste. Areas where subsurface waste
injection is indicated as being of Timited feasibility are those where:

No aquifers containing more than 1,000 mg/1 of dissolved
solids are available, as indicated in Figure 4-6;

The saline-water-bearing sedimentary sequence is less
than 1,500 feet thick;

Structural geologic conditions are considered sufficiently
complex to cause great uncertainty about subsurface hydro-
logy.

Within the areas where the above limitations do not apply, feasibility
of waste injection is shown as being most likely in one or more of the strati-
graphic sequences indicated in Figure 4-9. In Zone I, disposal feasibility
is shown as being most likely in Pennsylvanian, Mississippian, or older rocks.
There is at least 1,500 to 2,000 feet of Mississippian-Pennsylvanian sedimen-
tary rock present containing water with 1,000 mg/1 or more of dissolved solids
in Zone I. In Zone II, there is at least 1,500 to 2,000 feet of Siliurian-Dew
onian rock present containing saline water and in Zone III there is at least
1,500 to 2,000 feet of Ordovician and Cambrian sedimentary rock present con-
taining saline water.

While Figure 4-9 offers broad geographic guidelines, it cannot be used
to specify where subsurface injection may or may not be permitted. For exam-
ple, in constructing the map, agquifers with water containing more than 1,000
mg/1 were considered as having waste-disposal potential, whereas, at least
in I11inois and New York, the dissolved solids content would have to be
greater (10,000 mg/1 and 2,000 mg/1, respectively) before an aquifer could
be considered for waste injection. Some other limitations of the map are:

1t does not consider the presence of unplugged abandoned
wells or the locations of mineral resources.

The fact that 1,500 feet or more of saline water-bearing
sedimentary rock is present does not assure that a suitable
porous and permeable injection hovizon or a suitable con-
fining interval will be present.

Arcas of relativelw nmiogn ceissic risk are not e Tuded
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damage and earthquake mitigation are considered to
be related to specific well location and depth.

This illustrates the procedure used in a regional evaluation. It is
not considered desirable to try to establish specific numerical criteria that
can be used everywhere, because of the obvious difficulty of doing so for
even one individual area. Also, it should be realized that only rarely, if
ever, will any such regional study allow more than a preliminary evaluation
of the suitability of a specific site, unless the site is in a totally unac-
ceptable location, in which case no further evaluation is needed. If a site
is located in a generally acceptable area, then a detailed examination of the
local geology and subsurface hydrology is reguired prior to construction of
a test well, and a reevaluation made after the well has been constructed and
tested.

LOCAL SITE EVALUATION

Factors for consideration in local site evaluation are Tisted in Table
4-1. Figure 4-10 is, similarly to Figure 4-1, a flow diagram that illus-
trates the local site evaluation procedure. As with Figure 4-1, it should
not be considered a rigid format.

Very briefly, a potential disposal site and injection interval should
have the following characteristics:

a. Injection interval sufficiently thick, with
adequate porosity and permeability to accept
waste at the proposed injection rate without
necessitating excessive injection pressures.

b. Injection interval of large enough areal extent
so that injection pressure is minimized and so
that injected waste will not reach discharge
areas.

c. Injection interval preferably "homogeneous"
(without high-permeability lenses or streaks),
to prevent extensive fingering of the waste-
vs-formation water contact, which would make
adequate modeling and monitoring of waste
movement extremely difficult or impossible.

d. Overlying and underlying strata (confining
beds) sufficiently thick and impermeable, to
confine waste to the injection interval.

e. Structural geologic conditions generally

simple, that is a site reasonably free of
complex faulting and folding.
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Site is an area of minor to moderate earth-
quake damage and Tow seismic activity so that
the hazard of earthquake damage or triggering
of seismic events is minimized.

Slow lateral movement of fluid in the injection
interval, under natural conditions, to prevent
rapid movement of waste away from the injection
site, possibly to a discharge area.

Formation-fluid pressure normal or low so that
excessive fluid pressure is not needed for in-
jection.

Formation temperature normal or low so that the
rates of undesirable reactions are minimized,
including corrosion.

Wastewater compatible with formation fluids and
minerals or can be made compatible by treatment,
emplacement of a buffer zone, or other means.

Formation water in the disposal formation of no
apparent economic value. i. e. not potable, un-
fit for industrial or agricultural use, and not
containing minerals in economically recoverable
quantities.

Injection interval adequately separated from
potable water zones, both horizontally and
vertically.

Waste injection not to endanger present or future
use of mineral resources (coal, oil, gas, brine,
others).

Waste injection not to affect existing or
planned gas-storage or freshwater-storage pro-
jects.

No unplugged or improperly abandoned wells pene-
trating the disposal formation in the vicinity
of the disposal site, which could lead to con-
tamination of other resources.

As can be seen from Figure 4-10 and the above 1list, the same general
geologic and engineering properties that are examined at the regional level
are also examined at the lccal level, but in more detail. As has been shown,
in a regional examination, an objective is to identify an adequate thickness
of rocks within which to find an injection interval and confining strata.

At the local level, the objective is to identify specific potential injec-
tion intervals and confining strata and to predict their performance under
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projected operating conditions. This same rationale applies to other cri-
teria, such as structural geology, hydrodynamics, subsurface resources, etc.

The procedure for Tocal evaluation of an injection well site should
first provide for documentation of the results of analysis of items a-o above
prior to drilling of a well, then if the site is judged suitable for construc-
tion and testing of a well, each item should be reanalyzed as information is
obtained during drilling and testing. The final decision as to whether or
not wastewater injection is feasible is based on the subsurface data that
have been acquired during drilling and testing and which have then been used
to project the response of the subsurface geologic and hydrologic system to
sustained injection.

No specific numerical criteria are suggested in this chapter to be em-
ployed in site evaluation, but numerous quantitative examples are given in

Chapter 3, as are the means of acquiring data for site evaluation prior to
and during well construction.

Example of Local Site Evaluation

To illustrate local site evaluation procedures, the characteristics
listed above will be applied to the siting of a well for injection of low
Tevel radioactive wastes at the Midwest Fuel Recovery Plant (MFRP) of the
General Electric Company near Morris, I11linois. The plant is not operative
and never has been; but, if it ever should operate, subsurface injection
would be one alternative for handling of the tritium-bearing wastes that
result from reprocessing of nuclear fuel (Belter, 1972). This particular
example was chosen principally because of the ready availability of the
needed information and because the site lies within the region evaluated in
the first part of this chapter. The characteristics a-o, listed above, will
be addressed in sequence.

In addition to the reference sources that are cited, information con-
cerning the superficial geology and shailow subsurface geology was obtained
from the "Safety Analysis Report, Midwest Fuel Recovery Plant, Morris, I1li-
nois," NEDO-10178, December, 1970.

Geographic Description of the Site --

The plant is located in Section 35 of T.34N., R.8E., and Section 2 of
T.33N., R.BE. It is about one mile southwest of the confluence of the Kan-
kakee, Des Plaines, and I1linois Rivers and is near the eastern border of
Grundy County. It is immediately adjacent to the Dresden Power Station, a
nuclear power reactor operated by Commenwealth Edison Co.  The ground ele-

vation at the site is approximately 500 ft. and the topography is relatively
level,  The area 1s predoninantly agricultural.
Stratrovaphy dand Reservolr Proveriies

Sacface and shallow sabsurface investigations at thie site have shown
that g Taver of soil vanaing fror 5ot AP inches thick o menent s The wotl
e it e thi e s e e et e e Sy v



of the Maquoketa Group of Ordovician age. Beneath the Maquoketa, the strati-
graphic sequence is as shown in Figure 2-1. The estimated thickness of each
of the subsurface units is shown below:
STRATIGRAPHIC COLUMN
MIDWEST FUEL RECOVERY PLANT
GRUNDY COUNTY, TLLINQOIS
PREDOMINANT ESTIMATED
SYSTEM ROCK UNIT ROCK TYPE THICKNESS (FEET)
Pennsylvanian  Pottsville (?) Sandstone ]
: ' Variable, 80 feet
Ordovician Maquoketa Limestone & total at one drill
Shate __} site.
Galena Dolomite 230
Platteville Dolomite and 115
! imestone
Glenwood Sandstone 5 - 30
St. Peter Sandstone 165
Shakopee Dolomite 70 - 90
New Richmond Sandstone and 45 - 55
Dolomite
Oneota Dolomite 210
Cambrian Trempeleau Dolomite 200
Franconia Sandstone 130
Ironton Sandstone 120
Galesville Sandstone 55+
Eau Claire Shale 400+
Confining Unit
Basal Sandstone Sandstone 2,500+

(Mt. Simon Aguifer)

As discussed in Chapter 2, the most suitable injection interval in
northeastern I11inois is the basal sandstone or Mt. Simon aquifer. Figure 2-3
shows that the basal sandstone should have a thickness of just over 2,500
feet at the site. Figure 2-3 also shows that the basal sandstone is widely
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distributed and that it maintains a thickness of over 500 feet throughout
most of I1linois and Indiana.

The basal sandstone consists principally of fine-to coarse-grained
sandstone. It is commonly poorly sorted and contains conglomeritic zones.
Cross-bedding is often visible in cores. It ranges in color from clear in
quartzose portions to pink in the arkosic intervals. It may be only slightly
cemented and friable,or silica cemented and very hard. Although the forma-
tion is primarily sandstone, shale beds are often present, particularly near
the top or base. These beds are from a few inches to more than 50 feet
thick. The basal sandstone rests unconformably on Precambrian age igneous
or metamorphic rocks. In northeastern I1linois, the basal sandstone is
overlain directly by the Eau Claire Formation, which is dominantly composed
of shale.

The 111inois Water Survey (1973) examined the reservoir properties
of the basal sandstone with reference to disposal of brine from desalination
plants. Locations from which drill cores were available for analysis are
shown in Figure 4-11. Average porosity of the cores was found to be 11 to
13 percent. This agrees well with Figure 2-11, which shows that the average
porosity of the basal sandstone at the site should be about 13 percent. The
IT1inois Water Survey (1973) found that the geometric mean value of core
permeabilities from northeastern I11inois locations ranged from about 4 to
over 40 millidarcys (Figure 4-12). Field tests from the same area yielded
a range of 12.3 to 1040 millidarcys. Because of geologic and engineering
considerations, the I11linois Water Survey (1973) concluded that it is
reasonable to place more weight on the field tests than on the core analyses.
One procedure for evaluating the reservoir response to injection is to
assume that the permeability might be any value within the range obtained
from the field tests. This procedure will yield a range of pressure buildup
estimates. If the site would be acceptable under even the most pessimistic
assumption, then construction of a well would appear to be a good risk. If
it would not be suitable even under an optimistic assumption, then the site
would appear to be a poor risk. The same reasoning can be applied to selection
of a compressibility or storage coefficient. No values of compressibility
are available for the entire thickness of the basal sandstone, so a value
must be estimgted. If the compressibility of water alone is considered,
o= 3 x 107 Dsi‘]. A more reasonable value that would account for
the compressibility of the aquifer skeleton also would be 7.5 x 10-6
ps1T e

Because the hasal sandstone is underlain by Precambrian age crystal-
Tine rock, downward migration of injected wastewater is not possible. Fig-

e 2-5 shows that the basal sandstone is overlain directly by about 400 feet
of confining beds at the site. Pigure ?-b indicates that the Fau Claire
contining Interved ds princioaliy 1 snale o siltstnne at that lTocation,
which o consiaeves 4 very effeotive Ditholomy Tov continine purpegses.  Corep
mmlec et bag oo chale tear s coaeage Pieidy i northeacters Tlanois

TR s e ey T b s Do e o 3 b D idare v Wastowater an
sty rtey v e WD eeds e theouah st rock but oat g orate g
P thad ot L e s e e Ao captieder rteeyn o an gk e e
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Structural Geology --

Major structural features in I1linois are shown in Figure 4-13. The
plant is located northeast of the I1linois basin and is on the eastern flank
of the La Salle anticlinal belt. The regional dip on the top of the basal

sandstone is about 25 ‘Fnai- per mile or about one- fourth of a degree south-

miirs vt \JCUI L PeAVAV RV
east, at that location. Dip on the Precambrian basement is about 100 feet
nov i1 ny ahniit nno AdAonvan +n +he ||+hn:c~+ Tha Annly cimmifirant cdwviir_
pei IIII [ LSRRV § UvvvuLv uvlic UC\‘-’I A== bU LIIC JUULIICU IIIC \JHIJ JISIIII TN v oLl ue
tural feature in the immediate vicinity is the Sandwich fault zone. The

Sandwich fault zone extends for 150 miles from near Oregon southeastward to
a location south of Joliet. It is generally downthrown on the northeastern
side, with a maximum displacement of more than 900 feet near its center
{McGinnis, et. al., 1976).

The structure is termed the Sandwich fault zone, rather than the Sand-
wich fault, because it appears to be compound rather than a single fault.
As can be seen in Figure 4-13, the plant site is about seven miles south of
the Sandwich Fault Zone. According to Buschback (1964), near the Grundy-Will
County border, in the vicinity of the plant site, the structure is downthrown
on the south side and has a maximum displacement of slightly over 100 feet.

Detajled investigations at the Midwest Fuel Reprocessing Plant site
resulted in the location of a northwest trending fault that crosses the
southwest corner of the site. The fault is downthrown on the southwest side
and has a vertical displacement of about 40 feet. Such a fault would not be
of concern unless it were to act as a flow path for Tiquid escape through the
confining beds. This is not 1ikely, but could not be entirely precluded,
since leakage of gas from a storage field in northern I11inois has occurred
and escape along faults has been advanced as one possible mechanism (Hallden,
1961) for the Teakage. As another example, Bond (1972) has suggested the
possibility of natural fluid flow from the basal sandstone upward along
faults into the overlying Galesville Sandstone in northwestern Indiana.

Initiation and times of movement on the Sandwich fault zone are as
follows: Movement did not occur until after the Silurian Period and was
perhaps coincidental with movement along the La Salle anticline. Major
movements along the La Salle anticline occurred during early Pennsylvanian
time, with lesser uplift after the Pennsylvanian period (Payne, 1939; Clegg,
1965; Atherton, 1971). No movement is believed to have occurred along the
Sandwich fault zone for millions of years and faults in the zone and those
associated with it are classified as inactive.

Earthquake Occurrence and Triggering --

Figure 4-8 shows the Midwest Fuel Recovery Plant site is an area of
minor earthquake damage risk. No special precautions should be needed te
protect an injection well from earthguake damage. Because faults in the
Sandwich fault zone and vicinity are inactive, the trigaering of earthquakes
by fluid injection at the site would seem unlikely. However, the presence
of the Sandwich fault zone would suggest that this factor should be consider-
ed in some detail in reaching a decision as to the suitability of the site
for wastewater injection.
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Hydrodynamics and Reservoir Conditions --

The recharge area for the basal sandstone or Mt. Simon aquifer is south-
eastern Wisconsin, where precipitation percolates downward through glacial
drift and, where present, through a thin cover of overlying bedrock units into
the basal sandstone (I11inois Water Survey, 1973). Southward into I1linois,
the overlying Eau Claire Formation becomes more shaly and dolomitic (Figure 2-6)
and ground water in the basal sandstone occurs under artesian conditions. Move-
ment of ground water in the basal sandstone in northeastern I11inois is be-
Tieved by Bond (1972) to be southeastward toward Indiana. Flow in northwestern
Indiana may then be upward through faults into the Ironton-Galesville aquifer,
which Ties above the Eau Claire confining interval (Bond, 1972). Bond (1972)
caiculated the rate of movement in the basal sandstone to be a few inches per
year. That is consistent with the flow rate in the basal sandstone in Ohio
that was calculated in Chapter 3. Hydrodynamic circumstances are, therefore,
apparently favorable, since water in the basal sandstone is confined and is
moving laterally at the proposed site at a rate so Tow that geclogic time
would be required for it to reach a discharge point.

Bond's (1972) data also show that reservoir pressures in the basal sand-
stone in northern I17inois are in the range that would be anticipated and that
no abnormal pressure conditions appear to exist other than minor effects caused
by local withdrawal of water or injection of gas through wells for storage pur-
poses. At the site, the dissolved solids content of water in the upper part
of the basal sandstone is probably less than 10,000 mg/1 whereas the TDS con-
tent of water in the lower part would be expected to be much greater (I1linois
Water Survey, 1973; Ohio River Valley Water Sanitation Commission, 1976).
Therefore, no single hydrostatic pressure gradient is applicable from top to
bottom of the basal sandstone. The gradient as measured to the top of the bas-
al sandstone at the site of interest is probably only slightly greater than
that of fresh water, which is 0.433 psi/ft whereas at the bottom of the gra-
dient is probably 0.44 to 0.45 psi/ft.

Geothermal gradients are also in the normal range. The geothermal gra-
dient map for I11inois (U. S. Geological Survey-American Association of Pet-
roleum Geologists, 1976) shows a gradient of 1.40 to 1.60F. per 100 feet of
depth for northeastern I1linois. The IT11inois Water Survey (1973) reports
that the temperature of the upper portion of the Mt. Simon at a gas storage
project in La Salle County ranged from 750 to 81°F. Using a geothermal gra-
dient of 1.59 per 100 feet of depth, an average ambient temperature of 550F.,
and a depth of 1,850 feet to the top of the basal sandstone, the temperature
at the top of the basal sandstone would be estimated to be:

550F. + 1.5(18.5) = 83CF.

The temperature at the bottom of the basal sandstone, at a depth of
about 4,350 feet would be estimated to be:

550F. + 1.5(43.5) = 1200F.
Compatibility of Wastewater with Formation Water and Minerals --

Trevorrow et. al. (1975) discussed in some detail the probable nature of
the low-Tevel wastewater that will result from the commercial reprocessing of
sEent fuels from light water nuclear reactors. The conclusion reached 1is
that the normal low-level waste will probably be virtually pure water with
the exception of nitric acid, which would be present at an estimated concen-
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tration of 600 mg/1. Tritium is the contaminant of concern and does not
change the density or viscosity of water significantly.

Because of the absence of dissolved ions, reaction with formation water
would not be a problem. Since the wastewater will be acidic (pH = 2), unless
it is neutralized, reaction with carbonate minerals in the injection interval
will occur. The injection interval is a sandstone; therefore reaction would
be Timited to the carbonate fraction in the sandstone, which is a small
amount in the Mt. Simon aquifer in northeastern I117inois. Probably the only
reaction that might be significant would be between the wastewater and clay
minerals in the sandstone. This possibility would have to be examined by
testing of cores from the basal sandstone.

Subsurface Resources --

Ground Water--A generalized description of aquifers in northeastern
[1Tinois is given in Table 4-2. Glacial drift and Silurian rocks are not
present at the Midwest Fuel Reprocessing Plant site. aGround water was en-
countered during shallow subsurface studies at four to five feet below the
ground surface in weathered and fractured bedrock of the Maquoketa Group.
The piezometric Tevel in the shallowest confined aquifer, the Galena-Platte-
ville Dolomite, was estimated to be about 84 feet below the ground surface
in one test hole. Aquifers down to and including the Ironton and Galesville
sandstones probably contain usable water at the plant site. According to
Bergstrom (1968, Fig. 3) water in the Ironton-Galesville Sandstone should
contain water with a content of less than 1,500 mg/1 total dissolved solids.
The upper portion of the basal sandstone (Mt. Simon aquifer) should contain
more than 1,500 but less than 10,000 mg/1 total dissolved solids. (Bergstrom,
1968; Ohio River Valley Water Sanitation Commission, 1976). The salinity of
water in the basal sandstone should increase with depth and should be much
greater than 10,000 mg/1 total dissolved solids. The lower basal sandstcne
in the Jones and Laughlin Steel Company well in Putnam County, west of the
Midwest Fuel Reprocessing Plant site, contained water with about 62,000 mg/]
total dissolved solids.

later with Tess than 10,000 mg/1 total dissolved solids is protected
under present regulatory policy in Il1linois. Therefore, it is possible that
wastewater injection would be precluded at the Midwest Fuel Reprocessing
Plant site. The actual chenistry of water in the basal sandstone would have
to be confirmed by drilling and a requlatory decision then made whether or
not to allow wastewater injection. Because the Eau Claire confining inter-
val 15 about 400 feet thick ana is composed principally of siltstone and
shale, upward vertical leakaue of injected waste would not be expected to
ondanger shallower aquifers, unless local faulting vrovided a means of ver-
tical moversnt of water fror the hasal sandstonce.  Tre only nearby well pene-
trating the basal sandstone 15 lTocated in Sec. 21, T.330.0, RO ., twoe to
thveeo =iles north of the plant <ite. The well woo dedlled as g gas <torano

proloratiog oot oand bues Beon ol Cered

luaed.  The bacsal oo ome weo oncoun!
1o dente gt D RET feet dn ity wels, which was et Tied only o st ot
, ,

Choe basal weedatone ORI Bives Valley Water sanitation Doreieeon, 7RG



TABLE 4-2.

GENERALIZED DESCRIPTION OF

AQUIFERS IN NORTHEASTERN ILLINOIS

THICKNESS
GEGLOGIC UNITS (ft) WATER-YIELDING PROPERTIES
Glacial drift 0-400+ Yields of wells variable, some well
yields greater than 1000 gpm
Silturian dolomite 0-400+ Yields of wells variable, some well
yields greater than 1000 gpm
Maquoketa shale 0-250 Generally not water-yielding, acts
as barrier between shallow and
deep aquifers
Galena-Platteville 150-350 Water-yielding where not capped by
doTomite* shales
Glenwood-St. Peter 75-650 Estimated transmissivity 15 percent
sandstone* that of Cambrian-Ordovician aquifer
Prairie Du Chien, 45-790 Estimated transmissivity 35 percent
Trempealeau dolomite, and that of Cambrian-Ordovician aquifer
Franconia Formations™
Ironton-Galesville 103-275 Estimated transmissivity 50 percent
sandstone* that of Cambrian-Ordovician aquifer
Fau Claire shale 235-450 Generally not water-yielding, acts
as barrier between Ironton-Gales-
ville and Mt. Simen
Eau Claire and 2000+ Moderate amounts of water, permea-

Mt. Simon sandstones

bility between that of Glenwood-
St. Peter and Ironton-Galesvilie,
water quality problem with depth

*Collectively referred to as Cambrian-Ordovician aquifer
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0il and Gas--No significant petroleum resources are known to exist in
northeastern Illinois.

Cnal--Cnal ic nvrecent in Panncvlvanian anes ctvatas 9n the viecinity nf
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he Midwest Fuel Reprocessing Plant, but not on the plant site itself. Coal
hade are verv naav thes ciuvrfara in +hic avaa and wnnld nnt hn affoartad hvy

AS R “ur o V\.-IJ INA=S V] L7 A DUl TUvLS 11t Ll o “ur wa Uil wuw i u LN AV &) Ml Ui 1w Lveu UJ
wastewater injection into the basal sandstone.

Gas Storage--Natural gas is stored in anticlinal structures at several
location in northern I1linois (Buschbach and Bond, 1973). Since no potent1a1
storage structure has been defined at the plant site or in the immediate vi-
~inT gy wactnatnwr TntnrFinn wnitld na+t hn aAavnoacrtad +n ~ranfFli-~+ wa+h Anc c+nvo
LiTEl LY s WAODLTYWAL oo Livil wouuilu 1ive o CA}JC\,LCU LU LUl ive Wi Ll UQD D2 LUI
age.

Summary --

After cursory examination of the characteristics Tisted as important in
a2 1nral c4942 Aaual, 3 94+ anmaaswre +that +ha MiAdvunctd Ciinl Darnunry Dlantd ci4n
[0} fucad 21 L CVGIUCILIUII, - Q]J}JCQID Lhia L LI FiTUwco L IUCI r\CLUVCl] rlamn. o1 LT
favorably meets most cr1ter1a, but may not meet some. First, the basal sand-
ctnnn ik~ A RS ArtIAm 3t nunababhT 0, A ~T o 1+
SLUHC sy WIHICTI ID l,HC IIF\CIy IH‘JC'LLIUH tTILEr va i o ]Jf vuabiy \,Ulll.alll) WOLCI widtll
less than 10,000 mg/] dissolved solids in the upper part. Under present
I11inois policy and practice it would not be permissible to inject into such
a reservoir. Second, the p]ant site is within about seven miles of the Sand-
wich fault zone and one fault has been identified at the plant site. The lo-
cal fau]ting could provide a pathway for vertical escape of fluid from the
injection interval, and the possibiiity that increased subsurface fluid pres-
sure could activate movement on faults in the area cannot be ent1re1y pre-

T

cluded. If serious interest were to exist in constructing and operat1ng an
injection well at the site, these problem areas would need to receive criti-
cal examination.
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CHAPTER 5
WASTEWATER CHARACTERISTICS

Table 5-1 lists the characteristics of the untreated wastewater that
must be considered in evaluating its suitability for disposal by subsurface
injection. Preliminary examination of these factors will show, in general,
if the effluent is such that more detailed appraisal is warranted. During
a detailed study, it is attempted to define all of the design and operaticnal
problems related to the wastewater and to provide for these by plant process
control, wastewater pre-treatment, design modification, and operational pro-
cedure.

As pointed out by Wright (undated), it is not usually necessary for
injection purposes to know the exact chemical composition of a wastewater,
because empirical tests can be run to determine the reactivity and stability
of a waste. However, this information should be obtained so that the envi-
ronmental effect of the injected fluid can be assessed.

In this chapter, the items in Table 5-1 are discussed individually with
regard to their basic nature and, more importantly, with regard to their ef-
fect on injection practice.

VOLUME

One of the most constraining limitations in managing a wastewater by
subsurface injection is the volume that can be safely injected for the de-
sired length of time. This is because the intake rate or 1ife of an indivi-
dual well is limited by the properties of the injection interval, which can-
not be changed much. The variable limiting the injection rate or well life
can be the injection pressure required to dispose of the produced waste.
Injection pressure is a limiting factor because excessive pressure causes
hydraulic fracturing and possible consequent damage to confining strata.

In addition the pressure capacity of injection-well pumps, tubing, and casing
is limited.

The initial pressure required to iniect waste at a specified rate and
the rate at which iniection pressure Incregses with time can be calculated,

as 1s discussed in Chapter 3, 1f the ohvaical vroperties of the aguifer and
waste are krown.  The intake rate of moot waste-injection wells now in use

16 less than 400 apo Jdarner and Orcutt. 3770 00 So Envirenmental Protection
Agency, 19700 0 bt dptake eareo can he miover e cavticuiarly favorabldo oir-
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TABLE 5-1. FACTORS TO BE CONSIDERED IN EVALUATING THE SUITABILITY
OF UNTREATED WASTES FOR DEEP-WELL DISPOSAL

A. Volume
B. Physical Characteristics

Density

Viscosity

Temperature

Suspended solids content
Gas content

O~ W —

C. Chemical Characteristics

Dissolved constituents
pH

Chemical stability
Reactivity

S wno -

a. With system components

b. With formation waters

c. With formation minerals
5. Toxicity

D. Biological Characteristics




allowed to spread laterally may be restricted by law or by other considera-
tions. The storage volume in the vicinity of an injection well can be com-
puted very simply, but dispersion, absorption, and chemical reaction compli-
cate the calculation of the distribution of injected waste. This topic is
also discussed in greater detail in Chapter 3.

PHYSICAL CHARACTERISTICS
Density

The density of the injected wastewater contributes to the injection
pressure by virtue of the pressure developed by the column of water in the
well. In some wells, this pressure alone is sufficient to drive the waste
into the formation and no pump is needed. In all wells, this pressure com-
ponent must be included in calculations. Once the wastewater is in the for-
mation, its density affects the manner in which it flows away from the well.
Low density wastes tend to float on saline formation waters and flow up-dip,
while dense waters sink and tend to flow down-dip.

Various industrial wastewaters have densities that span the full range
of possibilities for an aqueous waste. For example, the dissolved solids
content of Tow-Tevel radioactive wastewater from the fuel-reprocessing cycle
is so_small that it is essentially distilled water with a density of 1.0
gm/cm3 (Trevorrow, et. al., 1977). On the other hand, saturated brines from
a desalination plant may have densities as high as 1.15 gm/cm3 and steel
plant waste densities as high as 1.2 gm/cm3 (Warner, 1972; U. S. Environmen-
tal Protection Agency, 1974).

Viscosity

As previously discussed in the section on subsurface fluids, viscosity
is the ability of a fluid to resist flow, and is one of the fundamental prop-
erties that determines the rate of flow of a fluid through a porous medium.
Furthermore, in wastewater injection, the ratio of the viscosity of the in-
jected water to the formation water (the mobility ratio) has an important ef-
fect on the amount of mixing that occurs between the injected and intersti-
tial water during travel through the injection reservoir. Mixing is greatly
increased when the viscosity of the injected fluid is less than that of the
interstitial fluid.

As with density, the viscosity of industrial wastes ranges from that of
nearly pure water (1 centipoise at 20.2°C) to considerably higher values.
However, very few measured values of waste viscosity have been obtained in
surveys of existing injection wells (Warner, 1973 U. S. tnvironmental Pro-
tection Agency, 1974), so the full range is not well characterized, The vis-
cosity of a weste will increase with increasing dissolved solids content and
decrease with increasing tennevature.  Oraanic chemicals in particular mav
influence $laid viccosity.



Temperature

Variation in wastewater temperature may affect corrosion rates and
other chemical reactions and does affect viscosity as previously explained.

Generally, corrosion rate increases with increasing temperature. This
is particularly true when corrosion is due to the presence of mineral acids
in water, resulting in hydrogen evolution. However, in waters which are cor-
rosive due to the presence of dissolved oxygen, the corrosion rate in an open
system increases with increasing temperature only until the temperature be-
comes high enough to cause an appreciable decrease in the oxygen solubility.
Further temperature increase beyond this value results in a decrease in the
corrosion rate for such open systems, where the oxygen is free to escape.

In a closed system, the oxygen cannot escape and the corrosion rate continues
to increase with increasing temperature (Ostroff, 1965). Wastewater may be
in an open system as it passes through the plant and pretreatment process.

It will be in a closed system once it enters the well.

As with corrosion, most chemical reactions are enhanced by increase of
temperature. According to the general rate constant equation, which can be
found in physical chemistry texts, the rate of reaction varies with the loga-
rithm of increasing temperature.

If a wastewater is at ambient temperature prior to injection, its tem-
perature will be increased during injection according to the Tocal geothermal
gradient, which was previously defined and discussed in Chapter 2. This
should be kept in mind in considering the reactivity of a wastewater.

Suspended Solids Content

Suspended solids must normally be removed from a wastewater to the high-
est degree practicable prior to injection, because they will otherwise be fil-
tered out by the reservoir rock and will thus plug the pores and reduce per-
meability. The plugging effect of suspended solids is inversely related to
the size of the pores in the reservoir; however, any sandstone with inter-
granular permeability will be plugged if a significant amount of suspended
solids remains in the wastewater. It is possible for carbonate rocks with
solution permeability or fractured reservoirs to accept wastewaters contain-
ing suspended material; but this characteristic should not be depended upon
and filtration omitted from the pre-injection treatment system, until the cap-
abilities of the injection horizon have been established by testing.

Suspended solids can originate as chemical precipitates, as particles
from materials handled in the industrial process, as corrosion reaction pro-
ducts, as clay or silt--perhaps from ore processing, and probably in other
ways. Suspended solids content is determined by filtration and is reported
in mg/%. The standard filter used for wastewater analysis is a glass fiber
filter disk (American Public Health Association, et. al., 1976). This test
is a crude one, since wastewater treatment plants demand less than complete
particle removal. For injection water, use of a membrane filter with a 0.47
micron pore size is recommended (Ostroff, 1965). Sadow (1972) states that
only detailed laboratory testing of core samples or field testing can ra-
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ionally define the requirement for solids removal in any particular case.

An indirect indication of suspended solids content is turbidity as
determined with some type of turbidimeter. According to the American Public
Health Association, et. al. (1976), the optical property of turbidity cannot
be directly correlated with suspended solids content, but turbidity measure-
ments provide an inexpensive and continuous means of evaluating the relative
clarity of treated injection water. In fact, it is possible to arrange for
automatic recycling of the wastewater or shut-down of the injection well if
an unacceptable turbidity level is measured in the treated wastewater.

Gas Content

Entrained gas bubbles can, just as suspended solids, plug the pores of
the injection reservoir. Therefore, it may be necessary to degasify some
wastewaters to prevent such mechanical plugging. Dissolved gases do not pose
any potential for mechanical plugging, but dissolved oxygen, hydrogen sulfide,
carbon dioxide, and perhaps other gases promote corrosion of surface and well
equipment and may also be involved in reactions that produce plugging pre-
cipitates. Degasification to reduce corrosion or to prevent chemical reac-
tions may, therefore, be desirable.

Corrosion of iron by dissolved oxygen in the ahsence of any other in-
fluencing gases or chemicals proceeds as follows (Ostroff, 1965):

Fe + 2H* = Fet* + 2HO

0+10 240
2HY + 5 % Z H2

2Fe*™ + 1 0 + H. 0o 2Fe™t + 204
2

2 2

In a closed system (out of contact with air), the reaction will conti-
nue only until the dissolved oxygen is consumed. In a system in contact with
air, the oxygen supply is replenished and corrosion continues. The surface
facilities for an injection system may be open or closed. Once the waste-
water enters the injection pump, it is in a closed system. Oxygen has been
found to enter supposedly closed systems through loose pump packing and by
various other means (Wright, undated).

fhe presence of dissolved salts enhances corrosion by oxygen, but be-
cause solubility of oxygen decreases with increasing salt content, corvrosion

from oxygen may be Tess in very highly saline solutions than it o in witas iy
saline solutions,

Carbon dioxide dissolved in water can contribute to *he Corrooion of
steel, but for equal concentrations it is =uch lTess corrnsve than eygen

T
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than water which contains only an equal concentration of one of these
gases (ibid.).

Water containing hydrogen sulfide is corrosive. Dissolved hydrogen
sulfide forms a weak acid; and, in the absence of oxygen, dissolved hydrogen
sulfide will attack iron and nonacid-resistant alloys. Water containing
both oxygen and hydrogen sulfide may even be corrosive to acid-resistant
alloys (Ostroff, 1965).

CHEMICAL CHARACTERISTICS

Dissolved Constituents

The dissolved chemicals in a wastewater contribute to its properties
including reactivity, toxicity, density, and viscosity. As mentioned pre-
viously, these resultant properties can be determined without a chemical
analysis, but they can be better understood if a complete chemical analysis
is available.

A useful measurement of the dissolved chemicals is the total dissolved
solids content, often abbreviated as TDS. The total dissolved solids con-
tent can be obtained by adding the weights of each of the individual consti-
tuents or by evaporating a filtered sample to dryness and weighing the resi-
due. A direct analysis is a good check on the value obtained by adding the
results of the other analyses.

An excellent indicator of the total dissolved solids content of an
aqueous solution can be its conductivity or resistivity. In chemical solu-
tions containing many ions, it is necessary to develop an empirical relation
between dissolved solids content and conductivity, but an estimate of the
dissolved solids content can be made using a graph such as that shown in
Figure 3-8, which is for sodium chloride solutions. This estimate is less
satisfactory when the proportions of different ions vary as well as the con-
centrations. Conductivity can be monitored as an approximate indicator of
variations that may occur in wastewater composition.

Dissolved salts have a marked influence on the corrosivity of water.
Both the anion and cation kinds affect the corrosion rate as does concen-
tration. For example, the order of decreasing corrosiveness of cations has
been given as ferric > chromic > aluminum > potassium > sodium > lithium >
barium > strontium > calcium > manganese > cadmium > magnesium (Borgman,
1937). However, the type of salt in solution is equally as important as the
kind of ion (Unlig, 1963). Alkali metal salts (e. g., NaCl, KCT, NaySOq)
and acid salts (e. g., FeCl, A]C13) are corrosive to iron. Alkaline salts
(e. g., NayCO3, Na PO passivate iron and are corrosion inhibitors above
pH 10 and may a]so ac% as corrosion inhibitors below pH 10 by forming effi-
cient diffusion barriers such as ferric phosphate. Oxidizing salts may be
corrosive (e. g., FeCl3, CuC]Z) or they may be inhibitors (e. g., NaZCrO4,
NaNO,, KMnO4).

Generally, corrosiveness increases with increasing salt concentration
until a maximum is reached, then corrosiveness decreases. The initial increcse
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in corrosion rate at low salt concentrations is probably a result of conduc-
tivity increase. The decrease in corrosion rate at high salt concentrations
(> 30,000 mg/%2 in NaCl) results from the decreased solubility of oxygen
(Unlig, 1963).

Examination of the dissolved solids composition of a wastewater and
comparison with the analysis of formation water may indicate the potential
for reactions between the two waters. Reactions between injected and inter-
stitial water that form precipitates are undesirable because the precipitates
may plug the pores of the injection unit, reducing the porosity and permea-
bility. Selm and Hulse (1959) listed the reactions between injected and in-
terstitial fluids that can cause the formation of plugging precipitates -

(1) precipitation of alkaline earth metals such as calcium, barium, strontium,
and magnesium as relatively insoluble carbonates, sulfates, orthophosphates,
fluorides, and hydroxides; (2) precipitation of metals such as iron, alumi-
num, cadmium, zinc, manganese, and chromium as insoluble carbonates, bicar-
bonates, hydroxides, orthophosphates, and sulfides; and (3) precipitation of
oxidation-reduction reaction products. Headlee (1950) discussed such reac-
tions in detail.

The dissolved solids in wastewater may also react with formation min-
erals. The most common reaction of this type is reaction of acidic wastes
with carbonate reservoirs as previously mentioned. Ion exchange may also
take place. Ion exchange affects the ionic composition of the injected wa-
ter. This may be a means of selectively removing some ions from the waste-
water. For example, radioactive ions may be absorbed and replaced by inno-
cuous ones. Such reactions are discussed further in the section concerning
reactions with formation minerals.

pH

Wastewater pH is an indicator of corrosiveness to equipment and possibly
of reactivity with the subsurface reservoir. Wastes with a Tow pH have been
the principal source of injection system failure from corrosion. Acidic
wastes also have caused well failures through collapse of the well bore after
long periods of erosion due to dissolving of Timestone and dolomite in the
subsurface reservoir. Some reaction with a carbonate reservoir can, however,
be desirable, because it will maintain and even increase the porosity and
permeability of such a reservoir.

The comrosiveness of o wastewater to iron generally increases as pH de-
creases. At overy low pHovalues (less than 4), the iron corrosion products
are soluble, resulting in dirvect contact between the acidic solution and the
iron swface and consequent rapid covrosion.  In the pHorange of 4 to 9.5,
the ivor surface 19 coated by coreosion veaction products and corrosion pro-
aresaes nore slowly. However, hiably albaline solutions may also be corri-
Sive. Tar pramnle, at extremele ot concentrations of soadiae hvdrosiide,
iron corrodes foeeing coluble sodiue ferrite, HaleG, Outroft [ 10657,
Chanaes Inowastowater ooocap initiate orecipitation of diasolved salts
1
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ferric chloride or ferric sulfate solutions to above pH 4 leads to precipi-
tation of the ferric iron.

An increase in pH of water in the formation pores can also cause loss
of permeability in formations that contain so-called "sensitive" clays
(Hughes, 1950; Baptist and Sweeney, 1955).

Chemical Stability

Stability of the chemical compounds in the injected wastewater is de-
sirable. An unstable compound may precipitate during or after injection and
cause plugging. The influence of temperature and pH changes in initiating
instability have been individually pointed out, but have not been quantified.
Also these factors can obviously act simultaneously, making interpretation
difficult.

A means of anticipating instability in a system affected by more than
one variable is through use of a saturation or stability index. Several such
indices have been developed including those by Langelier (1936), Ryznar (1944)
Larson and Buswell (1942), and Stiff and Davis (1952). The first three in-
dices are applicable to waters of low ionic strength, while the Stiff and
Davis index is intended for use with concentrated solutions, such as highly
saline ground waters. As an example of the use of such indices, the Stiff
and Davis (1952) stability index for calcium carbonate is:

SI = pH - k - pCa -~ pAlk (5-1)

In equation 5-1, k is an empirical constant used to compensate for var-
ious jonic strengths and temperatures. The values of k, pCa, and pAlk are
taken from graphs (Figures 5-1 and 5-2). A positive index indicates scale
formation and a negative index indicates corrosion.

The following example of the use of the stability index was taken from
Ostroff (1965).

From the water analysis in Table 5-2, the concentration C of each ion
in moles per 1,000 grams of water is calculated using the relationship:

C = epm

(1,000 SpGr - __1DS (5-2)
( N T

where epm = concentration of the ion, epm

z = valence of the ion
SpGr = specific gravity of the brine
TDS = total dissolved solids, ppm
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FIGURE 5-2. GRAPH FOR CONVERTING PARTS PER MILLION OF CALCIUM AND
ALKALINITY TO pCa AND pAlk (FROM STIFF AND DAVIS, 1952).
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This gives the following results:

TABLE 5-2. WATER ANALYSIS USED IN SAMPLE CALCULATION OF CALCIUM CARBONATE
SATURATION USING STIFF AND DAVIS INDEX (OSTROFF, 1965)

Component ppm epm Moles/1,000 gm

Carbonate (COE) - - -

Bicarbonate (HCOé) 46 0.7 0.001

Sulfate (SOZ) 7,530 158 0.083

Chloride (C17) 88,300 2472 2.599

Iron (Fe*™) 14 0.4 0.000

Calcium (Ca*t) 8,570 428 0.225

Magnesium {Mg**) 2,819 231 0.121

Sodium (Na™*) 45,195 1965 2.066

Using these molalities, the ionic strength v is calculated.

) 2 2 2
y(Czy v c,zs LT

LT

=%[(o.oo1) (1) + (0.083) (4) +2.599) (1) + (0.225) (4)

+(0.121) (4) + (2.066) (1)] = 3.19

Then, from Figure 5-1, the value of k, at . 3.19 and at the analysis
temperature of 77°F (259C), is found to be ©.96.

The next step is to enter the ppm Catt = 8,570 and ppm HCOL - 46

(obtained from the water analysis) as the ovdinate of Figure 5-27 Reading
the abscissa, the pCa of 0.67 and the pAlk iz 3.12.

Then, substituting in {guation H5-1, the stability indes do caloalated
as tollows:

S pHo- K - pla - A oo S T T L NS



This indicates that the water is corrosive and also undersaturated with res-
pect to calcium carbonate.

Ostroff (1965) discusses the stability of magnesium carbonate, magnes-
ium hydroxide, calcium sulfate, barium sulfate, iron, and also silica.
Barnes (1972) suggests a thermodynamic approach to predicting the stability
of inorganic compounds in solution.

Dissolved organic compounds may also be unstable. Selm and Hulse
(1959) 1ist polymerization of organic chemicals as a source of plugging pre-
cipitates.

In addition to the predictive methods of analyzing for chemical sta-
bility, analysis can be empirical. The water in question can be subjected
to the pressure and temperature that it will experience in the subsurface
and it can then be observed to evaluate its tendency to form precipitates
over an extended period of time.

Reactivity

Wastewater can react with the materials in the mechanical system,
aquifer fluids, and aquifer minerals. As has been described previously in
this chapter, knowledge of the chemistry of the wastewater along with the
materials of construction, the chemistry of aquifer fluids, the mineralogy
of the injection horizon and the subsurface temperature and pressure allow
prediction of some potential reactions. Further discussion of the problems
of reactivity and prediction of their likelihood of occurrence is given in
this section.

Reaction with System Components --

Corrosion of metals in injection systems may be by chemical, electro-
chemical, or microbiological means. In aqueous systems, corrosion is prin-
cipally electrochemical. Some factors that influence electrochemical cor-
rosion of steel are dissolved oxygen, dissolved salts, pH, temperature,
pressure, and flow rate of the corroding solution. The influence of all but
flow rate have previously been discussed in this chapter. Generally, cor-
rosion rates increase with the velocity of flow of the corroding water, but
not uniformly, because effects such as turbulence and the mechanical removal
of corrosion products become involved at high velocities (Ostroff, 1965).

Forms of corrosion include uniform or thinning corrosion, pitting cor-
rosion, intergranular corrosion, and galvanic corrosion (Ostroff, 1965).
Uhlig (1963) also includes dezincification and parting and cracking, and
Henthorne (1972) adds erosion corrosion and crevice corrosion. In uniform
corrosion, the entire surface of the metal is corroded and thinned by a uni-
form amount. Rate of uniform corrosion is reported in inches per year (ipy),
mills per year {(mpy, one mill = 0.001 inches), or milligrams per square deci-
meter per day (mdd). According tc Uhlig (1963) steel, for example, corrodes
at a relatively uniform rate in sea water equal to about 25 mdd or 5 mpy.
Conversion of weight loss to depth of attack or vice versa requires know-
ledge of metal density. Table 5-3 provides this information.
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TABLE 5-3. DATA FOR CONVERSION OF WEIGHT LOSS TO DEPTH OF CORROSION
AND VICE VERSA. TO OBTAIN DEPTH OF PENETRATION, MULTIPLY
mdd BY 0.00144/DENSITY TO OBTAIN INCHES PER YEAR. TO
CONVERT FROM ipy TO mg PER SQ. DECIMETER PER DAY (mdd)

MULTIPLY BY 696 X DENSITY (UHLIG, 1963).

Density 0.00144
Metal g/ cc Density 696 X Density

Aluminum 2.72 0.000529 1890
Brass (red) 8.75 0.000164 6100
Brass (yellow) 8.47 0.000170 5880
Cadmium 8.65 0.000167 6020
Columbium 8.4 0.00017 5850
Copper 8.9? 0.000161 6210
Copper-nickel (70-30) 8.95 0.000161 6210
Iron 7.87 0.000183 5480
Iron-silicon (Duriron) (84-14.5) 7.0 0.000205 4870
Lead (chemical) 11.35 0.000127 7900
Magnesium 1.74 0.000826 1210
Nickel 8.89 0.000162 6180
Nickel-copper (Monel) (70-30) 8. 84 0.000163 6140
Silver 10.50 0.000137 7300
Tantalum 16.6 0.0000868 11550
Titanium 4.54 0.000317 3160
Tin ;.24 TLo0nnlgs 070
Zinc 714 Nonnnrne

Zirconiar fooah o SNt



Metals can be classified according to their corrosiveness and their suit-
ability for various applications as shown below {Uhlig, 1963):

(1) < 0.005 ipy

Metals in this category have good corrosion resistance
to the extent that they are suitable for critical parts,
e. g., valve seats, pump shafts, springs, etc.

(2) 0.005 to 0.05 ipy

Metals in this group are satisfactory if a higher rate of
corrosion can be tolerated; e. g., for tanks, piping, valve
bodies, etc.

(3) > 0.05 ipy
Usually not satisfactory.

In pitting corrosion, attack is greater in localized areas than over
the surface as a whole. Depth of pitting is sometimes expressed by a pitting
factor, which is the ratio of the deepest pits to the average depth of cor-
rosion as determined by weight loss. Ostroff (1965) gives a laboratory pro-
cedure for performance of a weight loss test.

Intergranular corrosion occurs with alloys when a difference in poten-
tial exists between the grain boundary and the grain. The smaller grain
boundary acts as the anode. This type of corrosion is particularly serious
with aluminum alloys containing copper and austenitic stainless steels con-
taining carbon.

Galvanic corrosion occurs where two different metals or alloys come
in contact. The severity of galvanic corrosion depends upon the difference
in potential between the two metals, and the relative size of the cathode
and anode areas. The galvanic series for metals and alloys in sea water is
shown in Table 5-4. Active metals are at the top of the series. Coupling
a metal near the top with one near the bottom will cause galvanic corrosion
of the more active metal.

If the area of the active metal is very large compared with the area
of the less active metal, corrosion will not be so severe. Polarization will
also modify the amount of current flowing during the corrosion reaction.

In addition to visual observation and weight loss testing, corrosion
rates can be measured or estimated by use of electrical resistance corrosion
probes, and by analysis of the corroding water for corrosion products. Well
casing or tubing can also be examined in place for corrosion with caliper
logs, electromagnetic logs, televiewer logs, and down-hole television in-
spection. The borehole methods are discussed in Chapters 3 and 7.

Electrical resistance corrosion probes depend on measuring the change
in resistance of a metal specimen as it lToses volume through corrosion.
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TABLE 5-4.

GALVANIC SERIES FOR METALS IN

SEA WATER (JELLINKE, 1958).

Active or Anodic End

Magnesium

Zinc
Alclad 3§

Aluminum 3S
Aluminum 615
Aluminum 63S
Aluminum 52

steels (active)
410
430
304
316

Low steel
Alloy steel
Cast iron
Stainless
Type
Type
Type
Type
Ni-resist

Muntz metal
Yellow brass

Admiralty

brass

Aluminum brass

Red brass
Copper

Aluminum bronze

Composition G bronze

90/10 Copper-nickel

70 + 30 Copper-nickel-low iron
70 + 30 Copper-nickel-high iron

Nickel
Inconel
Silver
Stainless
Type
Type
Type
Type
Mone]
Hastellay
Titanium

MNable

steels (passive)
410
430
304
316

C.

Cathodic bnd

or



Probes are available in a variety of metals and alloys. Commercial measuring
instruments are also available for use in conjunction with the probes. Cor-

rosion prevention is covered in conjunction with wastewater pretreatment and

system design.

Microorganisms can contribute to corrosion in several ways, one of
which will be described. Although many types of bacteria can contribute to
corrosion, only a few have been found to be of major importance in oil field
operations (Sharpley, 1961), which are similar to disposal well operations.

Sulfate-reducing bacteria (Desulfovibrio desulfuricans) are common
and the most important from a corrosion standpoint. They are an anaerobic
bacteria, but will survive in the presence of dissolved oxygen, where they
may grow under scale, debris, or other bacterial masses where oxygen cannot
penetrate (Baumgartner, 1962). In the process of reducing sulfur in sulfate
ions to the sulfide form, these bacteria utilize hydrogen which increases
corrosion by depolarizing the cathode in an electrochemical system. The
sulfide ion resulting from sulfate reduction can combine with ferrous iron
at the anode, forming ferrous sulfide, a commonly observed plugging precipi-
tate.

A possible reaction between radioactive wastewater and metals in the
injection system is the selective deposition of radicactive metals in place
of the inert metals in the system. This process would cause the system com-
ponents to become radioactive and possibly present some special problems in
their handling. Trevorrow et. al. (1977) discuss the potential for this
problem in conjunction with injection of low-level radiocactive waste from
nuclear fuel reprocessing plants.

Reaction with Formation Waters --

The potential reactions from mixing of injected and interstitial waters
have been discussed in the section entitled "Dissolved Constituents.”" Waters
that can be mixed without the formation of precipitates are termed compatible.
Henkel (1953, 1955) reported testing brine and wastewater compatibility by
allowing a mixture of the two liquids to stand for from 8 to 24 hours at the
approximate aquifer temperature. The mixture is considered compatible if it
remains free of precipitates. Others (Lansing and Hewett, 1955; MaclLeod,
1961) have suggested that this criterion may not be entirely satisfactory
in all cases, since reactions may require considerable time for completion
and because gaseous reaction products may also cause reduction in permeabi-
1ity. Ostroff (1965) describes a procedure for compatibility testing and
notes that it may be necessary to observe the test for a considerable iength
of time if an induction period is required before the formation of precipi-
tates. Ostroff also suggests that, if the possibility of reaction is sus-
pected but not observed, it is advisable to seed the water with crystals of
the salt that is most 1ikely to deposit to stimulate the suspected reaction.

In testing for compatibility, the use of water from the proposed in-
jection interval rather than a synthesized formation water is recommended,
if possible, since even small differences in water chemistry can cause un-
expected reactions (Lansing and Hewett, 1955). In addition, synthesizing a
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particular formation water in the laboratory may be impossible, because nat-
ural brines apparently supersaturated in certain salts are not uncommon (Le-
welling and Kaplan, 1959).

AnA~dTAane vra
gaCLiunds w

A small number of minerals comprise nearly the entire mass of sandstone
rs. The average sandstone, as determined by Clarke (1924), consists

of 66.8 percent Si0» (mostly quartz), 11.5 percent feldspars, 11.1 percent
carbonate minerals, 6.6 percent micas and clays, 1.8 percent iron oxides,
and 2.2 percent other minerals. Limestone and dolomite aquifers are primar-
ily CaC03 and CaMg(CO3)2, respectively, but impure ones may contain as much
as 50 percent noncarbonate constituents such as Si0p and clay minerals.

1quif
e ]

Quartz, the main constituent of sandstones, is the Teast reactive of
the common minerals, and for all practical purposes can be considered non-
reactive except in highly alkaline solutions (Roedder, 1959). Clays have
been demonstrated to react with highly basic or highly acidic solutions
(Grim, 1953; Nutting, 1943; Murata, 1943). A waste would not necessarily
need to be highly acidic to attack an aquifer mineral, since some relatively
weak acids may strongly attack certain clay minerals (Grim, 1953; Nutting,
1943). The degree of reaction of feldspars and micas with injected solutions
is not certain, but some reaction would no doubt occur (Roedder, 1959).

Sandstone aquifers are often cemented with carbonate minerals, which
react with acid solutions. Reaction of acid wastes with the carbonate cement
in sandstone would cause an evolution of CO, that could both increase the
pressure and reduce permeability. In the special case of acid aluminum
nitrate wastes, Roedder (1959) has shown that the reaction of the waste with
CaCO3 results in a gelatinous precipitate that would plug the pores in a
sandstone containing sufficient carbonate minerals. Sandstones also commonly
contain gypsum and limonite as cementing material, and these two minerals can
be dissolved and reprecipitated to cause blocking of pores (Yuster, 1939;
Krynine, 1938).

The brines in deep limestone, dolomite, or calcareous sandstone aqui-
fers will, in most cases, be in chemical equilibrium with the aquifer, and
precipitation or solution will not occur.

[f injected wastes are at a lower pH than aquifer waters, solution of
the carbonate aquifer material may occur. This reaction could be beneficial,
as long as no gelatinous precipitates result, such as those that occur when
acid aluminum nitrate wastes react with CaC0,. If injected wastes mix with
aquifer water and raise its pH, dissolved salts could precipitate and cause
plugging of the pores.

Clay minerale are common constituents of sedimentary rvocks. Roedder
(1959) stated that sandstones containing less than 0.1 percent clayv minerals
may not exist anywhere in the United States, except possibly an osmall depo-
sits of exceedingly pure glass sand.  Clay minerals ave known to reduce the
permeability of sandstone to water as comparved with ite permeability to
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1965). The degree of permeability reduction to water as compared with air
is termed the water sensitivity of a sandstone by Baptist and Sweeney.

The water sensitivity of clay-bearing sandstones increases with decreas-
ing water salinity, decreasing valence of the cations in solution, and in-
creasing pH of the water (Johnston and Beeson, 1945; Hughes and Pfister,
1947; Baptist and Sweeney, 1955). Jones (1964) described work where he
gradually reduced the salt concentration of brines during flow tests in clay-
containing rocks. He found that water permeabilities remained essentially
constant with this procedure, in contrast to the drastic permeability de-
crease which would occur if the salt concentration were changed to the final
Tow value in one step. Mungan (1965) confirmed Jones' findings and also in-
vestigated the effect of pH on permeabilities. Generally, high-pH solutions
caused severe permeability damage, particularly where a large change in pH
of flowing solutions was noted. Browning (1964) had also noticed this effect
where hydroxyl ions promoted the cleavage of clay-mineral stacks. One inter-
esting observation by Mungan was the silica enrichment of the effluent from
the cores. He believed that amorphous silica was being dissolved by the
high-pH solutions and, because this silica might be the cementing agent for
sand grains, fines could be released to migrate and, eventually, to obstruct
flow passages. Permeability damage caused by the high-pH solutions was more
noticeable at higher temperatures. The water sensitivity of a sand depends
on the type of clay mineral as well as the amount. Hughes (1950) pointed
out that the properties that cause clay minerals to reduce sandstone's per-
meability to water are exhibited by montmorilionite to a marked degree, by
illite to a lesser degree, and by kaolinite to a relatively unimportant de-
gree. Concepts that can be used to explain the above-mentioned observations
have been discussed by Van Olphen (1963). Water sensitivity of sandstones
can be determined directly by permeability tests with various waters and air
or indirectly by X-ray diffraction, differential thermal analysis, or water
vapor absorption measurements (Baptist and Sweeney, 1955; Johansen and Dun-
ning, 1958).

Hewitt (1963) developed a series of tests that detect the degree of
water sensitivity of rocks. His system includes mineral identification,
solids-swelling tests, microscopic examination, and flow tests. The complete
program requires specialized equipment, expertise in this area, and consid-
erable time, but the data obtained can be of considerable value.

Repairing permeability damage after a water-sensitive rock has been
exposed to a brine of lower salinity is normally difficult. Hower, et. al.
(1972) suggest that this is because when the normally-stacked clay crystals
adsorb additional water, they tend to separate and build a "house of cards”
structure. Such a structure develops through the attraction of the positive-
ly charged edges of the clay crystals to the negatively charged faces. When
the salt content of the brine is then increased to the original concentration,
the crystals are not restacked in an orderly manner but attain a compressed
"house of cards" configuration.

Hower et. al. (1972) point out that polar organic compounds can be

adsorbed on surfaces of rocks, particularly the silicates. Silicates, in
their natural state, are negatively charged and will adsorb organics through
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electrostatic attraction, hydrogen bonding, and van der Waals forces. The
greatest charge density is normally found on clays, particulariy the mont-
morillonite and mixed-Tayer clays, which would make the electrostatic attrac-
tion force the greatest for these minerals. It has been shown (Hower, 13970)
that up to 0.55 g of some surfactants can be adsorbed by 1 g of montmorill-
onite. Quartz has a much Tower charge density, but it can also adsorb a sig-
nificant quantity of positively charged organic chemicals. It is possible

to alter the wettability of some rocks from water-wet to oil-wet by adsorp-
tion. This change in wettability and/or extensive adsorption of other polar
organic chemicals on the rock around the well bore may cause severe permea-
bility reduction. Some of these adsorbed cnemicals can be washed from the
rock with water, whereas others, particularly those carrying a positive
charge, are very difficult to remove. In some cases, a specific solvent

can be used to dissolve the adsorbed organics. The problems relating to
permeability reduction by polar organic adsorption are normally more severe
in sandstone than in carbonate reservoir rocks.

Toxicity

Toxic chemicals are defined in the Federal Water Pollution Control Act
Amendments of 1972 as those pollutants or combinations of pollutants, includ-
ing disease causing agents, which after discharge and upon exposure, inges-
tion, inhilation or assimilation into any organism, either directly from the
environment or indirectly through food chains, will, on the basis of the in-
formation available, cause behavioral abnormalities, cancer, genetic muta-
tions, physiological malfunctions or physical deformations in such organisms
or their offspring.

Sources of information on the toxicity of inorganic and organic chemi-
cals include "Clinical Toxicology of Commercial Products" (Gleason, et. al.,
1969), the "Toxic Substances List" (Christensen, et. al., 1974), "Water Qual-
ity Criteria" (McKee and Wolf, 1963) and "Water Quality Criteria" (Federal
Water Pollution Control Administration, 1968), "Water Quality Criteria-1972"
(National Academy of Sciences, 1974) and "Quality Criteria for Water" (U. S.
Environmental Protection Agency, 1976).

Also, the National Technical Information Service of the U. S. Depart-
ment of Commerce, Springfield, Virginia, maintains a Toxicology Information

1 5 r ~OC K {1QAQ - Tehad a Anciimant
Response Center and the Library of Congress {1969) has published a document

entitled, "A Directory of Information Resources in the United States - Gen-
eral Toxicology." In the event that chemicals are involved for which there
is no toxicity information, consultants are available to make the necessary
toxicity evaluation.

It is suggested that all wastes to be injected should be characterized
a5 to their toxicity, particularly to humans. 1t is not intended or expected
that an injected wastewater will ever enter the biowphere, hut the injector
ind the veoulatory authorities should be aware of dts toxicity S0 that appro-
priate precautions can be o orovided for in the aesiogn, cheration, and monitor-

o of the syster,



A scheme for rating the toxicity of a compound that is used by Gleason,
et. al. (1969), is shown below:

TOXICITY RATING CHART

Probable LETHAL Dose (human)

Toxicity Rating or Class mg/ kg for 70 kg man (150 1b)

6 super toxic less than 5 a taste (less than 7 drops)

5 extremely toxic 5-50 between 7 drops and 1
teaspoonful

4 very toxic 50-500 between 1 teaspoonful and
one ounce

3 moderately toxic 500-5,000 between 1 ounce and 1 pint
(or 1 1b)

2 slightly toxic 5,000-15,000 between 1 pint and 1 quart

1 practically non-toxic above 15,000 more than 1 quart

This chart classifies compounds according to the probable amounts that
constitute a lethal dose to a human. As discussed above, it is not expected
that an injected waste will ever be ingested by a human. However, it would
be apparent to both regulator and injector that no margin for error exists
in the handling of super-toxic solutions. On the other hand, it might be
judged reasonable to permit some calculated amount of risk when dealing with
a non-toxic solution such as a sodium chloride brine.

BIOLOGICAL CHARACTERISTICS

Bacteria present in injected wastewater may themselves cause corrosion
or plugging of conduits and reservoir rocks. The role of bacteria in cor-
rosion has previously been discussed. Bacteria may also promote reactions
within the wastewater that may change the wastewater chemistry and form pre-
cipitates or gases.

Microorganisms can contribute to plugging injection wells and fouling
flow lines and equipment in several different ways. By actual growth, these
organisms can produce masses that will plug wells and reduce flow in lines.
Iron bacteria can cause the precipitation of iron as ferric oxide, resulting
in an accumulation of this material in injection wells. Corrosion products
resulting from increased corrosion caused by sulfate-reducing bacteria can
also accumulate in wells or on filters, reducing flow or causing plugging.
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The microorganisms mentioned as causing microbiological corrosion can
grow into sufficiently large masses to cause plugging. This is particularly
true of the siime formers and iron bacteria. In addition, algae may grow in
fresh-water systems. Algae require sunlight for growth, so that problems
with algae are confined to injection systems where open ponds or holding tanks
are used. Fresh-water aigae grow on the surface of the water and may serve
as a source of food for bacteria. If they form a blanket over a pond or
tank, the reduction in oxygen intake into the water can make conditions ideal
for growth of sulfate reducers in the areas of deep water. Algae growths
often slough off and plug pipes and filters.

DiTommaso and Elkan (1973) reported having discovered the presence of
bacteria in the sandstone injection interval of the Hercules Chemical, Inc.,
plant at Wilmington, North Carolina. In that case, an organic wastewater,
the by-product of dimethylterepthalate, was injected and subsequently decom-
posed to form methane at the expense of dissolved organic carbon. Large in-
creases in the iron content of water in the reaction zone were also observed.
The potential implications of such reactions have not been explored, but they
could be beneficial, e. g., decomposition of the injected waste or they could
be detrimental, e. g., plugging of the aquifer.

Procedures for testing of waters for the presence of microorganisms are
given by the American Public Health Association (1976), the American Petro-
Teum Institute (1965), and Ostroff (1965). Ehrlich (1972) comments that the
following points should be considered when designing a testing program:

1. The bacterial-growth potential of undiluted waste solution
and mixtures of waste solution and native formation water
should be determined.

2. Material from the formation, preferably from well cores,
should be added to the test solutions.

3. Oxidation-reduction potentials of the test solutions
should be adjusted to values which are typical of the
formation. Oxygen should be excluded from the solutions
if appropriate.

4. The test should be conducted at temperatures and pressures
that approximate the operating conditions expected under
waste injection.

Ostroff {19A5) notes that the mere presence of bacteria in a water does
not necessarily mean that they will cause a problem in the injection system.
Determination of the potential for cngineering problems is linked to the abil-
ity of the bacteria present to {lourich in the environment of the injection
cystem.  Conversely, low bacterial counts do not necessarily mean that bac-
teria are nnt 3 crablem, since they ray be theiving in an dsolated Tocation.
Thus . theve can be a4 lack of correlation between bacterial analyses and the
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WASTEWATER SAMPLING AND ANALYSIS

Thus far, in this chapter, the focus of the discussion has principally
related to the influence of the various physical, chemical, and biological

characteristics of wastewater upon the injection system and injection oper-
ations. Some mention of testing procedures has been made, where the methods
are unusual andpr are importantly related to the usefulness of the resulting
data for injection purposes. Wastewaters under consideration for injection
should be more broadly characterized than has yet been indicated, because
alternative forms of handling must be examined before injection is selected
and because more information may be needed to plan a pre-injection treatment
process.

Conway (1968) listed the basic parameters for the characterization of
a wastewater in terms of its source, flow, physical properties, chemical com-
position, and biological effects (Table 5-5). Table 5-5 overlaps Table 5-1,
but it also contains items not included in Table 5-1 that are needed for the
purposes mentioned above.

Little mention has been made of sampling procedures. Wastewater analy-
ses are only meaningful if the waste has been properly sampled. Acceptable
sampling methods are outlined in 'Standard Methods for the Examination of
Water and Wastewater" (American Public Health Association, et. al., 1976)
and the American Society for Testing and Materials, Part 31, "Water" (1975).
Conway (1968) lists some common sampling pitfalls as: insoluble components
not collected in proper proportion to sample volume, peak discharges missed
by collecting grab samples instead of using compositing equipment, samples
not composited in proportion to flow rate and samples not properly preserved.

Excellent references are available that outline currently acceptable
methods for wastewater analysis. The analytical methods handbook of the
water supply and wastewater control professions is "Standard Methods for the
Examination of Water and Wastewater" {American Public Health Association,
et. al., 1976). The United States Environmental Protection Agency (1971)
has published a manual of analytical procedures seiected for use by that
agency. Because either State or Federal permits will be required for injec-
tion wells, approved analytical methods should be used. The American Society
for Testing and Materials (1976) describes procedures accepted by that organ-
ization. Other useful references that discuss methods for water analysis
are Collins (1975), the American Petroleum Institute (1968), and publications
of the United States Geological Survey Water Resource Investigation Series,
for example, ones by Barnett and Mallory (1971) and Goerlitz and Brown (1972).

WASTEWATER CLASSIFICATION

After the physical, chemical, and biological characteristics of a
wastewater have been evaluated, as described in Chapter 5, it can be classi-
fied for injection purposes. From an engineering viewpoint, the question
is: Can the wastewater be safely, efficiently, and economically injected
at the available site? Two additional questions that should be addressed
from both an engineering and a regulatory position are: Is injection the
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TABLE 5-5. BASIC PARAMETERS FOR CHARACTERIZATION
OF A WASTEWATER (CONWAY, 1968).

II.

ITI.

IV.

Source Information for the Individual Points of Origin

(A) Rate of discharge during production run (average and

maximum)

(B) Duration and frequency of production runs
(C) Waste components (see below)
(D) Likelihood of spills or abnormal discharges

Flow Data for Total Discharge

(A) Average daily flow rate
(B) Duration and level of maximum flow rate
(C) Maximum rate of change of flow rate

Physical Properties
Temperature range

Color

Odor
Radioactivity
Foamability
Dissolved oxygen
Corrosiveness

N N e
ITIOMMoO o>
e S S e S e e

Chemical Composition

Known organic and inorganic components
Chemical oxygen demand, total carbon, extractables
pH, acidity, alkalinity

Oxidizing or reducing agents (sulfides)
Chloride ion

Hardness (calcium and magnesium)

Nitrogen and phosphorus

Surfactants

Chlorine demand

Total dissolved salts

Specific ions (As,Ba.Cd,Cr,CN,F,Pb,Se,Aq)
Phenol

Grease and hydrocarbons

T . TN T A T T N
f R L— T gy 1o O 0 >
e e St e e S et St S Mo S St Nt

o

-

Bioloagical tffects
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(A) Biochemical oxyaen demand

(BY Pathogenic bacteria

(C) Chemical tovicity Taquatic Tife, bhacteria, olant

Insoluble components: colloidal, settleable, floatable
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most environmentally and technologically desirable alternative in the specific
case? Injection may be technically and economically feasible, but still may
not be the most desirable alternative.

The procedure for examining the engineering feasibility is to consider
each of the characteristics discussed in this chapter and to evaluate their
effect on injection at the site in question. Unfortunately, there is no sim-
ple basis for ranking all of the factors to arrive at a quantitative value
that determines whether or not injection is feasible. Also, if a problem
exists, it may be possible to alleviate it by process modification, waste-
water pretreatment, or appropriate system design. There are few, if any,
wastewater characteristics that cannot be modified to render a Tiquid inject-
able. However, the desirability of injection as an alternative will be com-
promised if too extensive pretreatment or too elaborate system design are
required. For example, wastewater volume is one of the most constraining
characteristics and usually the first to be examined when considering injec-
tion. When the wastewater volume is too great to be accommodated by the
locally available injection intervals, possible solutions include modifying
the waste producing processes to reduce the volume, separation of waste
streams and injection of only selected ones, or a pretreatment step for vol-
ume reduction. The volume problem has frequently been solved by one of the
first two possible means. Pretreatment for volume reduction is much less
promising because the available processes, e. g., partial evaporation, re-
verse osmosis, and electrodialysis are expensive.

If it is determined that a wastewater is injectable, then the relative
desirability of injection, as compared with other alternatives, should also
be considered. This has been recognized by many. The Ohio River Valley Wa-
ter Sanitation Commission (1973), in adopting policy to guide the eight mem-
ber states, has stated:

"NOW, THEREFORE: Let it be resolved that the Ohio River Valley Water
Sanitation Commission does declare as a policy that wastewater
injection may be used when the regulatory authorities with legal
Jjurisdiction have considered other alternative methods of waste
management, and that, after weighing all available evidence, have
determined that:

[. Underground injection is the best available alter-
native in the specific circumstances of the case."

Comparison with other alternatives is desirable because, as was recognized
some time ago by the Subcommittee on Waste Disposal of the Committee on Sani-
tary Engineering and Environment, National Academy of Sciences-National Re-
search Council (Committee Reports, June 25, 1962 and January 20, 1964),

the injection of 1iquid wastes into a subsurface rock formation constitutes
the utilization of limited useful space, injection wells cannot be considered
for any type and quantity of waste. This question has occasioned suggestions
that many varieties of wastewaters that are produced should be categorized
with regard to their suitability for injection (Warner, 1965; Cleary and
Warner, 1969).
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Radioactive wastes have been classified according to their relative
radicactivity as high, medium, or low level by the U. S. Atomic Energy Com-
mission (1969) and a more comprehensive scheme using five categories has been
proposed by the American Institute of Chemical Engineers (1967). For a vari-
ety of technical and policy reasons, only the low level radicactive wastes
are currently considered likely to be disposed through injection wells (Bel-
ter, 1972). Piper (1970) proposed a classification similar to that used for
radioactive wastes for all industrial wastes. Van Everdingen and Freeze
(1971) expanded upon Piper's concept and also introduced the idea of "natural"”
and "foreign" wastes. The Piper and Van Everdingen and Freeze classifications
are, however, based principally upon waste toxicity and have not received sig-
nificant support, as far as is known. This is because the other physical,
chemical, and biological characteristics must also be rated as should the
potential for treatment or disposal by other means.

In summary, a complete basis for classification of a wastewater for
chépfér are used on a judgemental basis for making this determination. If
injection is considered technically feasible, then other means of treatment
or disposal are compared to establish that injection is the best alternative
in the specific case.
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